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Preface 


Triis  report  presents  the  proceedings  of  the  U.S.  Army  Corps  of  Engineers 
(CE)  Woiiihop  on  Sleep  Streams  that  was  held  in  Seattle,  \VA,  27-29  October 
1992.  The  workshop  was  sponsored  by  the  Flood  Control  Channels  Research 
Program,  Work  Unit  No.  32553,  “Gravel  and  Boulder  Rivers,”  which  is 
spoiisored  by  Headquarters,  U.S.  Army  Corps  of  Engineers  (HQUSACE). 

The  organizahonal  activities  were  carried  out  under  the  general  supervision 
of  Mr.  William  A.  Tnomas.  Program  Manager.  Flood  Control  Channels 
Research  Program.  V.'ateiways  Division.  Hydraulics  Laboratory  (liL),  U.S. 
Army  Engineer  Wat’r*vays  Experiment  Station  (WES).  Mr.  Frank  Herrmann 
was  Director,  HL.  The  planning  committee  for  the  worluihop  consisted  of 
Major  Monte  Pearson,  Geotechnical  Laboratory,  WES;  Mr.  Thomas  Mun.scy, 
HQUSACE;  Mr.  James  Lencioni,  U.S.  Army  Engineer  District,  Seattle;  and 
Mr.  John  Oliver,  U.S.  Army  Engineer  Division,  North  Pacific.  Mr.  Lencioni 
made  local  arrangements.  Dr.  Bobby  J.  Brown,  HL,  WES,  was  responsible  for 
coordinating  tlic  necessary  acoviiics  leading  to  publication. 

On  the  afternoon  of  the  last  day  of  the  workshop,  participants  summarized 
the  slate  of  the  art  in,  and  discussed  future  directions  for,  engineering  and 
scientific  work  on  steep  streams.  They  developed  a  list  of  unsolved  problems 
witli  steep  streams  (Table  1)  and  ranked  them  according  to  the  urgency  of  tlic 
problem.  Although  the  necessary  basic  research  is  well  under  way,  many 
knowledge  gaps  must  be  filled  in  before  a  standard  steep  channel  design 
procedure  is  part  of  the  technical  literature.  Knowledge  of  energy  losses 
(hydraulic  roughness)  is  a  relative  unknown  for  large  materials  as  compan:;!  to 
panicles  up  to  sand  sizes.  A  usable  iransport  function  for  cobble  size  and 
above  material  has  not  been  developed. 

Total  attendance  at  the  workshop  was  37;  a  list  of  panicipam.s  and  the 
Program  arc  included.  Persons  not  presenting  papers  were  involved  in 
discussion  sessions  and  preparing  summaries  of  discussions.  During  round¬ 
table  discussion,  all  attendees  provided  input  and  voted  on  Uic  most  urgent 
unsolved  problems  wiili  sleep  gradient  streams. 
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At  Ihc  time  of  publication  of  tliis  report,  Director  of  WES  was  Dr.  Robert 
W.  Whalm.  Commander  was  COL  Biti;e  K.  Howard,  EN. 


The  conlcr>i5  of  ih  'j  report  are  not  to  be  used  for  advertising,  pubhcaiion, 
or  prorTiOiional  purposes.  C'-iaiion  of  trade  names  does  not  conJiUuic  an 
official  endorsement  or  approval  for  the  use  of  such  commercial  product'. 


Table  1 

Flood  Control  Channel  R&D 
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I 

Most  Urgent  UnsolviKl  Problems  with  Steep  G'adlent  Stresmn 

Priority 

H 

M 

Hy-Jraulic  (gram,  form  and  vogotative)  roughness 

21 

0 

1 

Lack  of  proven  method  tor  sediment  data  collection  and 
instrumentation 

19 

2 

0 

Debris  basin  design 

14 

5 

0 

Transport  tunction(s)  tor  large  matenal 

13 

8 

0 

Training  in  fluvial  geornorphology 

13 

7 

3 

Ettects  Of  vegetation  on  conventional  (riprap)  bank  protection 

13 

4 

4 

Integrate  the  mult-objective  approach  Into  the  COE  planning  process 

— 

12 

3 

6 

Insight  into  the  mult-dimensionai  aspects  of  sediment  bansport, 
including  partde  size,  slope  and  longitudinal  and  lateral  bed  forms 

11 

9 

1 

Critarial  for  compound  cross-section 

11 

8 

1 

Regime  relationships 

9 

7 

5 

Illustrated  manual  of  vegetative  roughness  values 

- 1 

9 

— 

7 

Multi-laboratory  approach  to  hio-enginsering  research 

9 

6 

5 

Debris  flows 

7 

7 

6 

Low  flow  channel  design  with  emphasis  on  environmental  problems 
and  solutions 

6 

12 

3 

High  velocity  lined  chaitnel  design 

6 

B 

8 

Alluvial  fan  mechanics 

5 

9 

7 

Multiple-size  analysis  for  large  material  gradation 

5 

8 

7 

Urban  channel  equilibnum  dimensions,  including  dominant  discharge 

3 

e 

7 

Fishenos  in  steep  channels 

2 

. 

4 
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ABS'nO'CT 


StrcaiDS  v/ilh  gradients  c.xcccdit:g  25  fl/rni's  ocair  mainl',  as.  bonldcr  toi rent.s,  braided 
channels,  alluvial  fan  systems,  yr  sinall  gravel  nveis.  F):agrain.s  are  presented  for  sieeir 
channels  linking  gradient  and  f-roude  No.  to  bcd-matcriai  size  and  depth  or  discharge,  and 
ct.  ’tain  inferences  arc  drav/rt.  Other  topics  disctissctl  brieny  include:  relationships  of 
planforra  type  to  gradient  and  bed-material  si^c;  debris  nows;  channel  shifting;  bed 
movement  and  trrui.sjjort;  hytliauiic  roughness;  and  w.'dth-dischargc  reiaiion.sbips. 

Several  examples  arc  prcscr.led  of  eugineeri;ig  siudics  in'  olving  steep  alluvial  streams 
with  largc-s:h  ed  bed  material.  K.cy  fcal'.n.'v;  and  problems  cimouiiicred  in  tl,ese  studies  arc 
described  and  iUuslraied. 


INTRODUCTION 


The  aim  of  the  paper  is  to  summarize  some  of  the  salient  hydraulic  and  morphologic 
characteristics  of  steep  streams  from  a  practitioner’s  viewpoint,  and  to  present  some 
examples  of  problems  in  analyzing  their  behaviour.  An  extensive  literature  review  has  not 
been  attempted. 

Part  1  Ls  in  the  nature  of  a  brief  overview.  Part  2  presents  six  examples  arising  from 
the  authors’  experience  over  the  last  decade. 

Collective  references  containing  much  information  on  steep  streams  include  Hey  et  al 
(1982),  Thome  et  al  (1987),  Armanini  and  Di  Silvio  (1991),  Beschta  et  al  (1987),  and  lAHR 
(1991). 


PART  1  -  OVERVIEW 


1.1  STREAM  TYPES  AND  PHYSIOGRAPHIC  SETTINGS 


ctrfinvnc  pAr/'  oc  crnrtipntc  /’vr'A/'rjino  ft /milf*  nr  0  00^ 

appear  to  occur  mainly  in  four  forms:  (1)  boulder  torrents  including  so-called  debris  flows 
or  torrents;  (2)  braided  channel  systems;  (3)  alluvial  fan  and  bajada  systems  including 
ephemeral  streams;  and  (4)  relatively  small  gravel  rivers  with  "wandering"  or  meandering 
t>pcs  of  planform.  Larger  gravel  rivers  generally  have  gradients  flatter  than  0.005. 


With  respect  to  geomorphic  processes,  these  various  forms  of  steep  stream  have  little 
in  common  except  steepness  and  relatively  coarse  bed  material.  Boulder  torrents  occur 
mainly  in  mountain  ravines  and  valleys  and  generally  represent  an  erosional  environment. 
Braided  channel  systems  usually  occur  in  coarse  alluvial  valley  fills,  often  of  glacial  outwash: 
it  is  often  unclear  whether  they  are  erosional  nor  depositional.  Stream.s  on  alluvial  fan  and 
bajada  (piedmont  fan)  systems  are  usually  but  not  always  depositional.  Small  gravel  rivers 
often  arc  neither  obviously  erosional  or  depositional. 


Although  in  very  general  terms  erosional  environments  tend  to  occur  nearer  the 
source  and  depositional  environments  nearer  the  mouth  of  a  stream  system,  there  arc  many 
exceptions  due  to  geological  and  tectonic  features.  Actively  depositing  alluvial  fans  and 
bajadas  often  occur  where  the  stream  emerges  from  mountains  near  the  ujiper  end  of  the 
system,  but  they  may  also  occur  near  the  mouth  of  the  stream  if  it  emerges  on  to  a  coastal 
plain  or  alluvial  valley.  Erosional  reaches  may  be  found  near  the  mouth  if  the  stream  cuts 
through  a  coiistal  mountain  or  hill  range,  llicrcfore  the  various  forms  of  stecj)  stream  arc 
not  necessarily  restricted  to  jiarticular  segments  (from  source  to  mouth)  of  a  sj)ccific  stream 
system. 


Sleep  streams  in  glaciated  regions  arc  often  located  on  thick  coarse-grained  dcjiosils 
of  glaciofluvial  origin  (outwash).  Short  steep  giavel  ri'^ers  with  relatively  little  change  in 


gradient  are  characteristic  of  narrow  plains  bcnveen  high  mountain  ranges  and  the  co- 
as  in  New  Zealand  and  Chile.  On  the  other  hand,  stream  systems  with  their  source  in  fai- 
inland  mountain  chains  tend  to  have  long  upvrard-concave  profiles  where  the  material 
becomes  gradually  finer  and  the  gradient  flatter  in  the  downstream  diieciiou  and  the  final 
phase  is  a  meandering  sand  stream  -  as  frequently  occurs  on  the  east  side  of  the  North 
American  Cordillera. 


1.2  GRADIENTS  AND  PROFILES  IN  RELATION  TO  BED  MATERIALS  AND  FLOW 

PARAMEIERS 

A  considerable  proportion  of  alluvial  streams  with  gradients  exceeding  0.005,  tend 
to  exhibit  near-critical  or  supercritical  flow  under  most  flow  conditions.  Figure  1  represents 
a  relationship  for  charmels  linking  gradient,  median  bed-material  grainsize,  depth  of  flow 
under  "just-mobile"  conditions  and  Froude  Number.  It  is  based  on  the  assumptions  that  (1) 
the  Shields  Number  for  just-mobile  conditions  is  0.045,  (2)  the  dry  relative  density  of  the 
bed  material  is  2.6,  and  (3)  the  absolute  roughness  k  is  3  times  the  median  grainsize.  These 
assumptions  are  not  universally  valid  but  are  useful  for  illustrative  purjroses.  Accepting 
them  for  present  purposes,  the  following  inferences  can  be  drawn  from  the  diagram; 

-  Gradients  exceeding  0.005  imply  median  grainsizes  exceeding  50  mm,  unless  the 
"just-mobile"  depth  is  less  than  3  ft. 

-  Gradients  exceeding  0.005  correspond  to  Froude  Numbers  exceeding  0.75. 

-  Gradients  exceeding  0.012  or  so  correspond  to  supercritical  flow. 

-  Alluvial  streams  with  median  grainsizes  exceeding  300  m,  in  the  boulder  torrent 
category,  will  mostly  have  gradients  exceeding  0.01  and  will  exhibit  near-critical  or 
supercritical  flow. 

Gradients  exceeding  0.005  can  exist  with  median  bed-material  sizes  finer  than  50  mm 
if  the  just-mobile  condition  occurs  at  small  enough  depths  and  discharges.  Tins  is  the  case 
on  some  alluWal  fan  and  bajada  systems,  especially  if  the  stream  is  ephemeral.  (In  streams 
of  laboratory  scale,  gradients  exceeding  0.005  can  be  just-mobile  with  grainsizes  as  small  as 
5  to  10  mm.) 

Figure  2  shows  another  form  of  diagram  for  coarse  alluvial  streams  that  links 
gradient,  median  bed-material  grainsize,  I'roudc  Number,  and  "just  mobile"  discharge  (the 
last  replacing  the  dcinh  variable  in  Figure  1).  If  is  based  on  the  same  assumptions  as  F'igure 
1,  with  additional  assumption  that  channel  width  (W)  is  related  to  the  just-mobile  discharge 
(0)  by  the  equation  W  =  where  C  is  1.8  in  fps  units  (3.26  metric). 
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Again,  these  assumptions  arc  not  universally  valid  -  they  are  acceptable  for  many  single- 
channel  gravel  streams  and  possibly  for  individual  channels  of  a  braided  system,  but  are 
incorrect  for  a  multi-channel  or  braided  system  taken  as  a  unit.  For  single-channel  alluvial 
systems,  the  following  inferences  can  be  drawn  from  Figure  Z: 

-  As  the  scale  of  the  stream  system  increases,  the  same  graflient  corresponds  to 
larger  grainsizes,  or  the  same  grainsize  corresponds  to  flatter  gradients. 

-  Gradients  exceeding  0.005  imply  nr  iian  grainsizes  exceeding  50  mm  unless  the 
just-mobile  discharge  is  less  than  700  cfs. 

-  Boulder  torrents  (median  grainsize  300  mm)  will  exhibit  supercritical  flow  unless 
the  just-mobile  discharge  exceeds  30,000  cfs. 

Figures  1  and  2  imply  single-channel  alluvial  streams  with  even  bed  profiles  where 
hydraulic  resistance  is  mainly  due  to  grain  roughness.  But  many  steep  streams  are  not  fully 
or  even  partially  alluvial,  and  hydraulic  resistance  may  derive  from  many  sources  other  than 
grain  roughness,  eg.  rock  outcrops,  abrupt  cross-sectional  irregularities,  lag  deposits  of  large 
boulders,  sharp  bends,  and  bank  or  overbank  vegetation.  In  fact,  steep  mountain  streams 
seldom  have  an  even  bed  profile,  but  instead  exhibit  a  series  of  steps  and  pools,  as  described 
for  example  by  Whittaker  (1987).  in  these  cases  overall  sujrcrcritical  flow  may  aj>pcai  Oiily 
at  very  high  discharges  when  the  steps  and  pools  are  drowned  out. 

The  longitudinal  profile  stability  of  a  particular  segment  of  stream  -  whether 
degrading,  aggrading  or  vertically  stable  -  is  very  difficult  to  determine  except  where  there 
arc  long-term  stage-discharge  records.  Although  general  inferences  about  long-term  trends 
on  a  geologic  timescale  may  be  made  from  the  type  of  geomorphic  envii  omnent,  these  may 
be  of  little  value  for  engineering  purposes.  For  instance,  it  can  be  argued  that  a  steep 
braided  river  segment  that  changes  fairly  abruptly  to  a  much  flatter  segment  must  be 
advancing  over  the  latter  and  therefore  aggrading;  however  the  process  may  be  so  slow  on 
a  human  timescale  that  the  aggradation  is  virtually  undetectable.  Also,  changes  due  to 
tectonic  p  occsses,  seismic  events  or  human  interference  may  be  large  enough  to  mask  or 
overwhelm  such  slow  processes. 


1.3  DEBRIS  FLOWS  AND  TORRENTS 

Debris  flows  or  debris  torrents  (both  terms  arc  used)  represent  a  sjiccial  type  of 
extremely  steep  stream  in  mountainous  terrain.  Debris  flows  differ  from  ordinaiy  flood 
flows  with  high  sediment  transport,  in  that  there  is  a  surging  flow  involving  a  high -density 
fluidized  mass  of  boulders,  sand  and  gravel,  mud,  logs  and  other  organic  debris,  with  high 
destructive  i)ower.  While  debris  flows  can  occur  in  strictly  natural  conditions,  there  is  little 
doubt  tl'.al  many  instances  have  resulted  from  catchment  disturbance  by  logging,  road- 
building  and  olhci  activities.  In  those  cases  the  causative  mechanism  may  be  dc- 
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stabilization  of  the  ground  surface,  or  increase  in  flood  peak  runoff,  or  diversion  and 
concentration  of  flov/  into  certain  channels.  Debris  flows  are  usually  associated  with 
relatively  rare  rainstorm  or  flood  events. 

Streams  liable  to  debris  flows  are  extremely  steep  in  relation  to  the  lower  gradient 
limit  (0.005)  adopted  herein.  Observations  indicate  that  a  debris  flow  can  only  be  initiated 
on  gradients  exceeding  about  15  degrees  (0.26).  Such  gradients  occur  only  in  relatively  small 
streams  in  steep  mountain  ranges.  Once  initiated,  however,  a  debris  flow  may  not  stop  until 
it  reaches  a  point  wheie  the  gradient  is  reduced  to  5  degrees  (0.09). 


1.4  CHANNEL  PLANFORMS  IN  RELATION  TO  GRADIENT 


Steep  streams  exhibit  a  variety  of  planform  types  besides  the  classical  "meandering, 
braided  and  straight"  of  Leopold  and  Wolman  (1957).  Regular  well-developed  meanders 
of  more  or  less  constant  wavelength  and  amplitude  -  common  in  flat-gradient  streams  -  are 
rare,  if  they  exist  at  all.  Steep  streams  in  alluvial  valleys  may  have  an  irregular  type  of 
meander  pattern  with  frequent  midstream  bars  and  islands  that  is  sometimes  called 
"wandering";  if  most  of  the  stream  length  exhibits  more  than  one  channel,  but  is  not  fully 
braided,  it  may  be  called  "anastomosing".  Boulder  torrents  frequently  have  long  almost- 
straight  lengths  and  irregulai  beads  that  are  controlled  largely  by  the  surrounding 
topography.  Streams  on  fans  and  bajadas  tend  to  show  a  distributary  pattern  something  like 
those  on  deltas,  although  only  one  or  two  channels  may  be  active  at  a  given  period. 

Various  efforts  have  been  made  to  chart  the  relationship  of  planform  type  to  gradient 
and  other  factors.  Tlircc  examples  are  as  follows: 


-  Figure  3  after  Leopold,  Wolman  and  Miller  (1964)  shows  a  single  line  on  a  slope- 
discharge  diagram,  supposed  to  discriminate  between  meandering  and  braided  patterns  for 
gravel  rivers.  Most  of  the  relevant  data  are  for  gradients  of  less  than  0.005,  not  "steep"  as 
defined  herein. 


••  Figure  4  by  Kellcrhals  and  Church  (1989)  shows  an  overlap  2:oiie  between  an  upper 
limit  for  single-thread  channels  gnd  a  lower  limit  for  braided  channels.  An  intermediate 
category  of  "wandering"  channels  -  neither  single-thread  nor  fully  braided  -  is  recognized. 
Tliis  diagram  shows  more  data  points  in  the  "steep"  range. 

-  Figure  5  is  an  earlier  diagram  by  Ferguson  (1984),  which  shows  mostly  the  same 
data  set  as  Figuie  4  but  includes  grainsize  as  an  additional  variable.  Tlic  effect  of  gralnsizc 
appears  to  be  small  empirically  on  the  basis  of  the  data  set,  but  much  more  significant 
theoretically.  The  theoretical  threshold  lines  for  braided  channels  are  based  on  work  by 
Parker  (1979). 


Figures  3,  4  and  5  give  widely  different  indications  on  the  relationship  of  channel 
planform  type  to  gradient.  According  to  Figure  3,  all  steep  streams  (S  >  0.005)  would  be 
braided  unless  the  bankfull  discharge  were  less  than  about  10  m^/s  or  350  cfs.  According 
to  Figure  4,  steep  streams  could  have  single  channels  at  discharges  up  to  about  300  m^/s  or 
10,000  cfs.  According  to  the  theoretical  lines  of  Figure  5,  steep  streams  can  be  non-braided 
at  almo.st  any  scale  as  long  as  the  bed  material  is  coarse  enough:  for  example  with  a  median 
grainsize  of  256  mm  or  10  inches,  gradients  in  the  range  of  0.01  to  0.1  would  be  required 
for  braiding.  Boulder  torrents  can  in  fact  be  non-braided  on  very  steep  gradients. 


1.5  LATERAL  PROCESSES  IN  STEEP  STREAMS 

Lateral  erosion  and  channel  shift  processes  in  steep  streams  tend  to  be  irregular  and 
difficult  to  predict  in  compaiison  to  those  in  plains  rivers.  The  most  troublesome  type  in 
this  respect  are  streams  on  actively  aggrading  fans  and  bajadas,  which  tend  to  build  up  their 
beds  and  become  "perched"  with  respect  to  the  adjacent  fan  surface.  These  streams  are 
liable  to  a\Talsions  -  sudden  breakouts  from  the  prevailing  channel  to  form  a  new  channel 
during  high  flood  events  as  the  old  channel  blocks  with  bed  material.  Because  of  the  way 
the  channel  system  "ans  out  in  the  downstream  direction,  the  main  channel  location  towards 
the  lower  end  of  the  system  may  shift  dramatically  in  such  an  event,  leaving  riparian 
facilities  high  and  dry  and  destroying  developments  in  the  way  of  the  new  route. 

The  type  of  regular  meander  pattern  migration  that  is  often  seen  in  plains  rivers.,  and 
that  makes  prediction  of  future  channel  locatioris  relatively  easy  on  the  basis  of  past 
mapping  or  airphotography,  is  seldom  seen  in  steep  streams,  although  individual  well- 
developed  bends  may  migrate  in  a  similar  fashion. 

Log  jams  often  have  a  strong  influence  on  the  lateral  processes  of  steep  streams  in 
forested  regions,  blocking  secondary  channels  and  inducing  sudden  random  shifts. 


1.6  BED  MOVEMENT  AND  TRANSPORT 

In  steep  non-b 'aided  streams  with  coarse  bed  material,  significant  bed  transport  tends 
to  occur  only  at  relatively  high  discharges  -  in  the  order  of  the  mean  annual  flood.  Over  a 
period  of  years,  occasional  large  floods  may  be  responsible  for  most  of  the  total  transport. 
Many  .such  streams  exhibit  bed  armoring,  between  transport  episodes  the  bed  is  covered 
selectively  with  a  layer  of  the  larger  grains  in  the  bed-sediment  mixture  and  is  relatively 
resistant  to  movement.  In  the  case  of  lake  or  reservoir  outlet  channels  where  there  is 
practically  no  supply  of  bed  material,  bed  movement  may  be  restricted  to  rare  floods. 
References  on  armoring  process  include  Sutherland  (1987)  and  Andrews  and  Parker  (1987). 

In  steep  streams  of  the  braided  or  alluvial  fan  type,  transport  is  likely  to  be  much 
more  frequent  and  armoring  may  not  occur. 
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The  reliability  of  the  more  popular  sediment  trairsport  formulas  and  procedures  is 
relatively  untested  for  steep  streams  in  comparison  to  those  of  flatter  gradients.  Some  of 
the  earlier  formulations,  for  example  Meyer- Peter  and  Muller  (1948),  may  be  as  good  as  any 
because  they  were  derived  from  data  sets  that  included  quite  steep  gradients  and  coarse 
materials.  Bathurst  et  al  (1987)  tested  a  number  of  procedures  against  data  for  steep  flumes 
and  rivers,  and  favoured  an  equation  of  even  older  origin  by  Schoklitsch.  They  pointed  out, 
however,  that  with  gradients  exceeding  0.01,  bed  material  supply  is  often  limited  and  all 
formulas  tend  to  over-predict.  Tliis  comment  is  particularly  applicable  to  boulder  torrents 
in  erosional  settings,  where  bed  material  may  be  supplied  to  the  stream  only  from  occasional 
episodes  like  landslides  and  tributary  debris  flows.  Cases  of  this  type  are  analyzed  by 
NVhittaker  (1987). 


1.7  CHANNEL  ROUGHNESS  AND  HYDRAULICS 

As  is  well  known,  total  hydraulic  resistance  in  natural  streams  can  arise  from  a 
variety  of  sources  including:  grain  roughness  of  surflcial  bed  material;  bed-fonn  roughness 
from  ripples,  dunes  and  oars;  rock  outcTops;  debris  or  ice  accumulations;  abrupt 
irregularities  in  plan  and  cross-section  including  local  scour  holes;  chaimel  divisions  and 
confluences;  surface  irregularities  in  near-critica'  and  supercritical  flow;  and  vegetation.  In 
many  steep  streams  with  coarse  bed  material,  grain  roughness  is  a  doiuii.aut  source  -  in 
contrast  to  plains  rivers  with  finer  bed  material,  where  bed-fonn  roughness  is  often 
dominant.  There  is  an  extensive  literature  on  the  topic:  examples  particularly  applicable  to 
steep  streams  include  Simons  et  al  (1979),  Bathurst  (1982,  1985)  and  Aguirre-Pe  and 
Puentes  (1990). 

It  is  still  common  to  characterize  stream  roughness  by  the  Manning  coefficient,  but 
many  steep  streams  have  such  high  ratios  of  roughness  height  to  depth  that  the  Manning 
formula  is  not  correctly  applicable.  Manning  roughness  values  determined  at  different 
stages  of  flow  may  vary  over  a  considerable  range,  partly  because  of  the  incorrect 
mathematical  form  of  the  equation  at  higii  relative  roughnesses,  and  partly  because 
additional  sources  of  roughness  -  such  as  bank  vegetation  -  may  only  come  into  play 
physically  above  a  certain  stage.  It  can  therefore  be  unreliable  to  determine  flow  profiles 
for  a  range  of  flows  on  the  basis  of  uocalibraied  coefficients,  or  even  of  coefficients 
calibrated  at  one  flow  condition.  Yet  numerous  engineering  studies  continue  to  exhibit 
uncritical  acceptance  of  non-uniform  flow  cumputaiions  that  do  not  consider  variability  of 
roughness  values,  nor  alteration  of  cross-sections  by  sediment  transport  and  scour. 

A  number  of  flow  formulas  for  estimating  velocities  in  steep  streams,  independent 
of  Manning  roughness,  arc  discussed  by  Tltorne  and  Zevenbergen  (1985).  A  comparison 
with  data  is  somev,'hat  inconclusive.  An  empirical  formula  by  Lacey  (1933-34)  that  uses  only 
depth  and  slope  as  input,  and  that  the  present  author  has  often  used  for  rough  estimates  in 
a  range  of  enviroimients,  was  found  to  be  inadequate  for  mountain  rivers. 
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1.8  CHANNEL  WIDTH  IN  RELATION  TO  DISCHARGE 


Tliere  is  a  general  trend  for  the  width  of  stream  channels  to  be  approximately 
proportional  to  the  square  root  of  representative  discharge,  over  a  wide  range  of  discharges. 
Figure  6,  based  on  Kcllerhals  and  Church  (1989),  shows  thus  trend  over  an  extreme 
discharge  range. 

TTiere  is  considerable  evidence  that,  the  most  appropriate  discharge  for  width 
correlations  is  the  bankfull  or  equivalent.  In  terms  of  flood  frequencies,  this  often 
corre.sponds  to  a  median  annual  event,  but  in  streams  with  steep  frequency  curves  it  may 
be  closer  to  a  S-year  or  t  en  a  10-year  event. 

In  the  general  relationship  W  =  a  value  of  C  in  the  vicinity  of  2.0  (fps  units) 
or  3.6  (metric)  often  seems  to  give  a  reasonable  correlation  for  single-channel  coarse-bed 
streams.  In  multiple-channel  and  braided  streams,  a  similar  value  is  applicable  to  individual 
channels  of  the  .system.  One  application  of  this  relationship  is  to  estimate  bankfull  discharge 
from  airphotos.  In  selecting  a  width  for  input  to  the  formula,  attention  should  be  given  to 
relatively  straight  lengths  of  even  width,  ne^ecting  migrating  bends  or  with  wide  gravel  bars. 


Boulder  torrents  often  seem  to  yield  considerably  smaller  values  of  C,  in  the  range 
of  1  to  1.5,  but  the  author  iS  not  aware  of  systematic  data. 


PART  2  -  EXAMPLES 


Tlie  following  six  examples  of  steep  streams  are  based  on  consulting  studies  by  the 
authors.  For  each  case,  a  brief  description  is  given  of  the  key  stream  characteristics  and  the 
nature  of  the  engineering  problem. 


2.1  BRAIDED  BOULDER  RIVER  -  BURIED  CONDUIT  CROSSINGS 

The  Rio  Maule  downstream  of  Colbun  Dam  in  south-central  Chile  is  a  braided  river 
with  a  slope  of  0.0065  (43  ft/mile).  Bed  material  is  characterized  by  a  05^,  size  of  75  mm, 
a  D,o  size  of  230  mm,  and  occasional  boulders  up  to  700  mm.  The  overall  width  of  the 
braided  system  averages  around  900  m.  Most  cross-scaions  show  three  or  four  wcll-dcfmcd 
low-flow  channels  with  widths  ranging  from  about  50  to  150  m,  separated  by  gravel  and 
boulder  bars,  lire  flood  flow  regime  is  char  acterized  by  2-,  10-,  and  100-ycar  floods  of  2300, 
3800  and  6200  m^/s.  Tire  river  flows  over  an  irrigated  sloping  plain  or  bajada  formed  of 
alluvial  outwash  from  the  Andes  mountain  range.  Bankfull  discharge  is  in  the  vicinity  of 
3000  m^s. 
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Construction  of  a  high  dam  at  the  outlet  from  the  mountains  was  expected  to  cut  off 
the  bed  material  supply  to  the  river.  Two  large  irrigation  conduits  had  to  be  constructed 
under  the  river,  one  about  3  km  downstream  of  the  dam  and  the  otiici  about  23  kvn 
downstream.  Estimates  were  required  of  potential  scour  and  degradation  of  the  river  bed 
over  the  buried  conduits. 

The  upper  conduit  crossing  was  ciearly  within  the  zone  that  could  be  expected  to 
degrade  veriic^ly  within  a  foreseeable  time  of  dam  completion.  Estimates  were  made  both 
by  numerical  modelling  and  by  empirical  methods.  Uncertainties  arose  over  the  effect  of 
armoring  and  the  response  of  the  channel  planforra  to  removal  of  the  bed  material  supply. 
It  was  generally  accepted  that  armoring  would  occur  and  that  the  planfomi  w'ould  modify 
to  produce  one  or  at  the  most  two  channels.  Results  indicated,  for  a  50-year  period,  a 
maximum  degradation  of  about  5  m  immediately  below  the  dam,  tailing  out  to  zcrc'  at  about 
5  km  downstream  (Figure  7), 

The  lower  crossing  w'as  too  far  downstream  to  be  affected  by  profile  degradation 
within  a  reasonable  period  of  time.  For  an  unconstricted  crossing,  estimates  were  made  of 
potential  scour  in  major  floods.  These  were  relatively  small  -  in  the  order  of  2  m  below  the 
deepest  points  surveyed  in  low  water  conditions.  Rather  than  crossing  the  entire  braided 
width  of  900  m  with  deep  burial,  it  was  suggested  to  reduce  the  length  of  deep  burial  to 
about  650  m  and  provide  training  dikes  to  confine  the  river  accordingly.  For  a  constniclion 
method  involving  staged  cofferdamming  of  the  river,  it  was  recommended  that  a  clear  w  idth 
of  300  m  be  left  for  flood  flows  at  all  times. 


2.2  WANDERING  BOULDER  RIVER  -  CHANNELIZATION 

The  Rio  Segre  at  the  town  of  Seo  d’Uvgell  in  northeast  Spain  has  a  slope  of 
approximately  0.008.  The  bed  material  is  characterized  by  a  size  of  150  nun,  a  size 
of  400  mm,  and  occasional  boulder.'^  up  to  about  1  m.  lire  river  emerge.s  from  the  edge  of 
the  Pyrenees  mountains  just  above  the  town,  and  tlien  flows  through  an  irregular  alluvial 
floodplain  that  borders  the  town  and  has  a  width  varying  from  about  100  to  500  m.  In  its 
natural  state  the  planform  exhibited  a  mainly  single  channel  forming  a  series  of  irregular 
meanders  of  relatively  low  sinuosity.  The  flood  flow  regime  is  characterized  by  2-,  10-  and 
100-year  peak  flows  of  150,  430  and  810  in^/s.  The  average  chamiel  width  was  about  30  m. 

A  large  flood  in  1982  caused  extercsivc  changes  to  the  planform  of  the  river  ar;d 
substantial  damage  to  riparian  and  floodplain  facilities.  Tire  river  shifted  extensively  over 
much  of  the  length,  developing  secondly  channels,  gravel  and  boulder  bars,  and  abrupt 
bends  subject  to  rapid  erosion.  It  w'.'is  decided  to  rcwve  a  proposal  first  mooted  a  century 
before,  for  channelizing  the  river  through  the  lowm.  ITie  cliannelization  was  completed  in 
1989  and  incoq:)orated  intake  facilities  for  a  kayak  race  course  built  for  ilic  1992  Olympic 
Games. 
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The  chiinnelized  river  ha.*;  a  trapezoidal  cross'section  of  70  m  bed  width  and  2.5  in 
depth,  designed  to  accommodate  a  SQ-ycar  flood  of  700  in^/s.  It  has  a  sinuous  aligiiment 
with  long  bend.s  of  500  m  radius,  follcv/ing  as  closely  as  possible  the  natural  course  of  the 
river  (Figure  8).  The  banks  are  stabilized  with  riprap  but  the  bed  is  of  natural  river-bed 
material.  The  stabilized  banks  have  1  in  freeboard  and  rise  about  1.5  m  above  the 
floodplain.  The  design  mean  velocity  was  approximately  4  m/s  and  the  Froude  Number 
about  0.85.  Three  classes  of  riprap  were  used  for  bank  protection:  he  avy,  nominally  800 
mm,  on  the  outsides  nf  bends;  medium,  nominally  500  rairt,  on  straight  lengths  between 
bends;  and  light,  nominally  300  mm,  on  the  insides  of  bends. 

It  was  recognized  that  the  new  chamiel  was  considerably  oversized  for  ordinary  flows 
and  annual  floods,  and  that  maintenance  would  probably  be  required  because  of  continued 
supply  of  bed  material  from  upstream.  Photographs  taken  about  two  years  after  completion 
indicate  deposition  of  sediment,  growth  of  vegetation  and  development  of  an  irregular  inner 
channel  inside  the  stabilized  barJes.  In  retrospect,  a  compound  cross-section  might  have- 
been  preferable. 


23  SPILLWAY  OUTFLOW  CHANNEL  "X*  -  PMF  DEGRADATION  POTENTI/vL 

Channel  "X"  is  a  boulder  torrent  type  of  channel  below  a  dam  spillway  and  plunge 
pool  that  have  been  in  place  for  about  65  years,  lire  slope  averages  about  0.015,  aud  ilic 
bed  materia]  consisur  of  randomly  scattered  large  boulders,  some  up  to  several  metres  in 
size,  overlying  coarse  gravel  and  cobbles.  The  natural  flood  flow'  regime  was  characterized 
by  2-,  10-  and  100-year  floods  of  around  230,  350  and  490  rnVs,  but  since  dam  construction 
only  occasionrJ  outflows  have  occurred,  with  a  maximum  value  of  about  450  luV^-  Typical 
annual  releases  are  believed  to  be  in  the  order  of  50  m^/s.  in  response  to  the  teduced 
flows,  the  gross  width  has  narrowed  from  perhaps  5U  m  to  about  20  m  by  encroachment  of 
dense  forest  vegetation  on  formerly  clear  overbank  areas.  The  o/lginal  v.ddth  is  bordered 
by  steep  valley  slopes  with  dense  vegetation. 

The  dam  facilities  were  to  be  upgraded  to  provide  for  a  Probable  Maximuni  Flood. 
Tlie  PMF  hydrograph  has  a  peak  of  1400  mVs  and  exceeds  the  original  dominant  or 
channel-forming  dischaage  -  estimated  at  300  m^/.s  -  for  over  3  days.  In  connection  with 
design  of  a  new  stilling  basin,  estimates  were  required  of  poicniial  degradation  of  the 
outflow  channel  under  a  PMF.  Available  information  suggested  that  the  large-sized  bed 
material  was  basically  a  surface  layer  overlying  sand  and  gravel,  Ifydraulic  comjvutatioas 
based  on  (1)  the  existing  width,  and  (2)  resumption  of  the  ongirai  vridth  i.-dicated  PMF 
velocities  from  6  to  7  iii/s  and  depths  of  5.5  to  6  m. 

It  wa'.  estimated  that  the  bulk  of  the  surficial  bed  rh,ateriai  -  up  to  about  0.6  m  in  size 
-  could  be  set  in  motion  by  flow's  of  around  800  mVs,  which  persist  for  1.5  days  during  a 
PMF.  Tlic  hirgest  boulders  of  2  m  size  or  greater  were  estimated  vo  be  only  marginally 
unstable  at  the  PMF  peak.  Tlicse  boulders  arc  probably  a  lag  deposit  resulting  from 
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entieuchirienx  of  ihc  original  stream  into  glacioU>a.;strinc  deposits  that  contain  ice-raftcd 
rock  fragments. 


It  was  lecognizcd  tltat  reliable  estimation  of  degradation  ootential  was  difficult  for 
a  number  of  reasons,  including  (1)  lack  of  sufficient  subsurface  inJormation,  (2)  unreliability 
of  transport  fuiiciicns  for  such  large  material,  (3)  the  appare  tu  layered  nature  of  the  bed 
and  tiie  raitdom  distribution  of  large  boulders,  and  (5)  the  uncertain  role  of  lateral  erosion 
in  a  FMF  event.  Rather  than  relying  on  dubious  sediment  transport  computations,  upper 
and  lower  limits  on  degradation  at  the  head  of  the  chaimel  were  b^ised  on  available 
geological  and  field  information,  the  observed  distribution  of  large  boulders,  the  plotted 
chamiel  profiie,  the  above-mentioned  estimates  of  hydraulic  stability,  and  expected  rninimuni 
slopes  if  the  surface  layer  were  removed.  It  was  estimated  that  FMF  degradation  might 
extend  over  a  channel  length  of  200  to  300  m  and  involve  2  to  4  m  lowering  of  laiiwatei  at 
the  .stilling  basin  (Figure  9).  Consideiation  was  given  to  installation  oi  a  rock  fill  acros.s  the 
cliannel  to  control  degradation. 


2.4  SPILLWAY  OUTFXX)W  CiiANNEL  -  PMF  DEG  RAD  All  ON  POTENTIAL 


Ihe  upstream  part  of  Char.nel  "Y"  is  au  artificial  cut  below  a  spillway,  that  joins  a 
previous  natural  stream  about  400  m  downsiicauu  Over  the  first  600  in,  th.e  slope  increases 
from  practically  zero  to  about  0.03  (160  ft/miie)  and  llien  continues  around  that  value.  'Fhc 
bed  surface  layer  consists  mostly  of  coob^es  and  boulders,  typically  300  to  400  mm  in  size 
and  abo’ut  0.5  m  thick,  overlying  sand  and  gravel  v/iih  some  sandy  clay.  The  cut  channel  has 
a  bed  Width  of  12  to  IS  m  avid  steep  wooded  side  slopes,  while  the  natural  clianncl  farther 
downstream  has  a  wooded  floodplain  around  40  m  wide.  Tlie  cut  channel  was  built  almost 


horizontal  'with  a  steep  drop  at  its  downstieam  end,  but  has  degraded  up  to  8  m  to  attain 
its  present  profile.  Over  a  period  of  about  40  years  since  dam  construct  ion  there  have  been 
only  occasional  outflows  of  up  to  100  m^s  cr  so. 


As  in  the  case  of  Channel  "X'',  degiadation  estimates  were  required  for  a  PMF 
hydrograph,  in  this  case  w'lth  a  peai;  of  600  mVs  and  a  timebasc  of  al  t  48  hours, 
Kydraulic  computations  based  on  a  fixed  bed  indi<:^alcvi  that  the  flow  wo.  d  be  rno.sr^ 
supercritical  with  velocities  of  around  6  m/s.  However  the  potential  erosional  response  in 
much  greatei  than  that  of  Channel  ’'X"  because  of  the  lack  of  large  boulders  to  control 
degradation.  Estimates  of  pc'entia]  degradation  v/ere  based  on  considering  iniiiaiion  of 
movement  for  the  surface  layer,  stable  slopes  for  the  underlying  material,  and  transpoii  rates 
of  the  underlying  material,  dividing  he  PMF  hydrograph  into  a  series  of  steps.  The  volume 
rer-iovcd  after  a  given  time  was  computed  on  the  basis  of  the  transport  capacity  of  the 
existing  chamiel  at  the  downstream  end  of  the  degradation  wedge,  on  the  principle  of 
sediment  balance  (Neill  1987).  llie  volume  was  then  distributed  in  the  form  of  a  cuivilinear 
wedge  (Figure  10)  with  the  degraded  profile  tangential  to  a  stable  slope  at  its  upstream  end 
and  to  the  existing  slope  at  its  downstream  end. 
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As  in  the  case  of  Channel  "X",  numerous  uncertainties  were  recognized  in  the 
available  information  and  the  method  of  attack.  Sens'tivity  was  tested  by  assuming  first  no 
widening  of  the  existing  channel,  and  then  widening  to  several  times  the  existing  width. 
Vaiious  scenarios  were  adopted  fo^  removal  of  the  surface  layer,  and  different  sediment 
transport  functions  were  used.  (Because  of  the  very  high  stream  power,  computed  transport 
of  the  underlying  material  is  quite  insensitive  to  grainsize.)  Estimates  were  made  both  wi^h 
and  without  a  downstream  control  point. 

It  was  concluded  that  uncontrolled  degradation  at  the  head  of  the  outflow  chaimel 
could  amount  to  6  m  with  widening  assumed,  and  up  to  10  m  or  more  with  no  widening. 
The  length  of  the  degradation  wedge  was  about  600  m.  Estimates  were  then  made  for 
degradation  below  a  proposed  tailwater  control  structure  to  be  located  100  to  200  m 
downstream  of  the  spillway.  As  might  be  expected,  simib'^  results  were  obtained. 
Consideration  was  therefore  given  to  further  subsurface  investigations  and  to  the  feasibility 
of  scale  model  studies. 


2.5  BOULDER  TORRENT  -  HYDROELECTRIC  INTAKE 

The  Ok  Menga  is  a  torrential  mountain  stream  in  rainforest  in  western  Papua  New 
Guinea.  Slopes  range  locally  from  0.01  to  0.08  and  flow  is  generally  near-critical  or 
tumbling.  Tire  bed  and  banks  consist  mostly  of  material  exceeding  100  mm  and  contain 
boulders  up  to  6  m  in  size,  in  places  as  accumulations  and  falls.  The  stream  is  actively 
degrading  into  unstable  colluvial  deposits  which  in  places  form  near-vertical  cliffs.  Recorded 
flows  in  a  short  record  period  have  ranged  from  under  5  to  over  90^  m^/s,  and  flows  can 
vary  daily  ever  a  wide  range.  The  channel  varies  in  width  from  about .  .0  to  50  m  and  depths 
range  from  about  1  m  at  low  flow  to  10  m  in  a  100-year  flood,  estimated  at  1700  mVs.  The 
100-ycar  discharge  intensity  is  up  to  40  m^/s  per  m  width.  During  floods  the  stream 
transports  considerable  quantities  of  coarse  sand  and  gravel  -  probably  in  saltation  or 
suspension  -  as  well  as  cobbles  and  small  boulders  as  bed  load. 

To  supply  a  hydroelectric  plant  seivicing  a  mining  operation,  a  diversion  weir  and 
seuin.'uit-excluding  intake  were  to  be  designed,  leading  to  a  drop  shaft  and  long  tunnel.  Tlie 
weir  and  intake  were  designed  with  the  aid  of  a  hydraulic  model,  constructed  and  calibrated 
on  the  basis  of  field  observations.  The  model  scale  was  1:45  undistorted,  with  a  partially 
mobile  bed.  Tlie  model  covered  a  channel  length  of  500  m.  Large  boulders  and  other 
features  were  reproduced  as  closely  as  possible  using  helicopter  photography. 

The  final  w'eir  design  involved  cast-in-place  concrete  blocks  several  metres  in 
dimensions  in  a  stepped  pattern,  with  a  downstream  riprap  apron  of  2  in  stones.  Tlie 
concrete  intake  structure  was  provided  with  arrangements  for  excluding  bed  load  and  for 
settling  coarse  suspended  and  saltating  load  and  returning  it  to  the  river  downstream.  Early 
operating  experience  revealed  problems  with  accumulation  of  organic  trash  and  finer 
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sediment,  that  had  been  somewhat  overlooked  in  the  model  studies,  but  on  the  whole  the 
design  appears  to  have  overcome  the  worst  severe  problems  of  an  extremely  difficult  site. 

More  detmls  on  this  installation  are  available  in  an  article  by  McCreath  et  al  (1990). 


2.6  STEEP  STREAM  WITH  ABRUPT  CHANGES  IN  SLOPE  AND  WIDTH 

The  Chilliwack  River  in  the  Fraser  Valley  east  of  Vancouver,  British  Columbia  has 
alternating  steeper  and  flatter  reaches  with  slopes  of  around  0.0125  and  0.007  (Figure  12). 
The  middle  steep  reach,  basically  erosional  in  charaaer,  crosses  glacial  deposits  of  clay  and 
silt  overlying  gravel  outwash,  and  is  lined  with  boulders  up  to  1.5  m  in  size  as  well  as  with 
bank  riprap.  The  boulders  are  believed  to  represent  lag  deposits,  possibly  accumulated  in 
a  glacial-lake  outflow  channel.  The  flatter  reaches  upstream  and  downstream  are  basically 
depositional  in  character  and  carry  large  bed  loads  of  coarse  gravel,  partly  supplied 
episodically  from  landslides  upstream.  The  flood  flow  regime  is  characterized  by  2-,  10-,  and 
100-year  flood  peaks  in  the  order  of  500,  1000  and  2000  m^/s. 

The  steeper  and  flatter  reaches  exliibit  marked  differences  in  planform  and  cross- 
section.  The  steep  reach  has  a  single  channel  approximately  50  m  wide.  The  flatter  reaches 
have  multiple  charnels  totalling  about  100  m  within  an  overall  braided  system  about  400  m 
wide.  Bankfull  discharge  in  the  lower  braided  reach  was  naturally  around  500  m^/s  but  has 
been  substantially  increased  by  a  flood  control  dike  and  road  embankment. 

Because  of  urbanization  of  the  area,  land  developers  are  trying  to  encroach  on  the 
active  floodplain  and  to  promote  river  training  works  and  gravel  dredging  programs  in 
support  of  such  developments.  Tliese  pressures  are  being  resisted  by  sport  fishermen  and 
environmentalists.  Planning  decisions  will  depend  on  multidisciplinary  reviews  and  on  cost 
estimates  for  river  modification,  which  depend  in  part  on  realistic  estimates  of  net  bed- 
material  accumulation  in  the  i  each.  It  is  known  that  the  gravel  bed  material  disappears  a 
few  kilometres  downstream,  which  indicates  that  it  must  be  accumukting  in  the  braided 
reach.  Sediment  transport  calculations  have  proved  difficult  to  verify,  but  attempts  are  being 
made  to  compare  cross-sections  before  and  after  floods  and  to  measure  bed  load  at  selected 
locations. 
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Figure  1.  Relationships  of  slope,  yrainsize,  depth 

and  Froude  No,  for  just— mobile  channels 


slope 


0.0013 


1  OOO?. 
o 


0  001 


0  oooo 


0  0002 


0  OOOl 


Rgure  2.  Relation: 

and  Fro 


Figure  3. 


Slope-discharge  diagram  by  Leopold  et  al 
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Figure  4.  Similar  diagram  by  Church  and  Kellerhals  (1989) 
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Figure  9 


Predicted  PMF  degradation  of  Channel  "X 
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Figure  12.  Longitudinal  profile  of  Chilliwack  River 
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Why  Steep  Channels? 

by 

William  A.  Thomc^s' 


1.  Background.  In  1989  the  Flood  Control  Channels  Research 
Program  was  established  to  either  assemble  or  develop  guidance  for 
the  hydraulic  design  of  channels  and  disseminate  it  to  district  and 
division  offices.  A  nation-wide  survey  of  flood  control  channels 
was  conducted  which  served  as  the  basis  for  planning  the  R&D  work. 
Based  on  that  survey,  a  critical  review  by  the  Committee  on  Channel 
Stabilization,  and  various  contacts  we  made  with  districts, 
divisions  and  OCE,  the  following  work  units  were  proposed 


Table  1.  Research  Work  Units  Proposed  in  1989 


*1)  Controlling  .stream  Response  to  Channel  Modification 
*2,1  River  Bend  Erosion 

*3,'  Hydraulic  Losses  in  Natural  Channels 
*4,:  Sediment  Transport  in  Small  Channels 

5'  Composite  Channel  Analysis 

6)  Channel  Investigations 

7)  Channel  Response  and  Channel  Forming  Q 

8)  SAM  Design  Simulator 

*9)  Gravel  and  Boulder  Rivers 

10)  Spatially  varied  Flow 

11)  Supercritical  Flow  Channels 

12)  System  Sediment  Loading  and  Delivery 

13)  Hydraulic  Routing  Techniques 

14)  Behavior  of  Sand  Bed  Streams  on  Steep  Slopes 

Note:  *  work  units  selected  for  funding  in 

FY  1989 


We  presented  the  program  to  our  Field  Review  Group  who 
endorsed  the  first  4  work  units.  However,  they  voted  to  move  the 


'  Research  Hydraulic  Engineer,  US  Army  Engineer  Waterways 
Experiment  Station,  Hydraulics  Laboratory,  Waterways  Division, 
This  paper  is  for  presentation  at  the  Steep  .Streams  Workshop, 
Seattle,  WA,  27-29  October  1992. 
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Gravel  and  Boulder  Rivers  work  unit  to  priority  5  so  it  could  begin 
the  first  year  rather  than  wait  for  out-year  funding.  Maj  Monte 
Pearson  was  put  in  charge  of  that  work. 

2.  Initial  Tasks,  The  initial  task  was  to  asserable  infon.iation  on 
gravel  and  cobble  bed  rivers  that  would  allow  us  i  3  establish  the 
limits  of  applicability  of  existing  technology.  That  technology 
includes  regime  analysis,  sediment  sampling  equi  -  ent,  sediment 
sampling  procedures,  sediment  transport  theory,  calculation  of 
water  surface  profiles,  and  mmerical  modeling  of  water  and 
sediment  movement.  One  effort  focused  on  understanding  the  physics 
of  the  river  mechanics  and  sedimentation  processes  which  develop 
bedform  morphology.  Another  effort  was  to  apply  field 
reconnaissance  forms  being  developed  for  sand  bed  channels  to 
gravel  and  boulder  rivers.  A  third  effort  was  to  identify  and  make 
contact  with  others  doing  research  on  this  topic.  A  fourth  effort 
was  to  locate  data.  A  companion  effort  to  these  was  to  establish 
contacts  with  district  and  division  offices  who  were  designing 
channel  projects  on  gravel  and  cobble  bed  streams. 

3.  steep  Streams  Workshop.  This  workshop  is  a  milestone  in 
pursuing  these  several  tasks.  Particularly,  it  brings  together 
some  of  the  districts  who  are  designing  projects,  other  researchers 
on  this  topic,  and  our  findings  to  date. 

^'Jhat  is  a  ''steep"  stream.  Intuitively,  one  thinks  of  a 
mountain  stream  having  an  abundance  of  geologic  controls,  rapids, 
pools,  and  boulders.  Trees  line  the  banks.  The  gradient  decreases 
slightly  and  the  stream  bed  becomes  covered  with  gravel  and 
cobbles.  Runoff  consists  of  a  mixture  of  rainfall  and  snow  melt 
events.  The  more  extreme  events  are  flashy  and  short  lived.  The 
gradient  is  stable  because  the  large  particle  sizes  resist  movement 
until  the  spring  freshet,  or  some  other  large  event,  occurs. 

There  is  another  type  of  streams,  however,  that  has  a  steep 
gradient  because  its  inflowing  sediment  concentration  is  so  high 
the  slope  must  be  steep  to  transport  the  inflowing  load.  A  sand 
bed  arroyos  on  an  alluvial  fan  is  an  example.  Although  this  would 
probably  qualify  as  "steep"  using  a  slope  criteria,  it  does  not 
conform  to  the  characteristics  of  the  gravel/cobble  bed  stream 
listed  above.  This  workshop  will  emphasize  the  gravel/cobble  bed 
streams. 

4.  Present  Technology  for  Sand  Bed  streams.  The  emphasis  in  the 
Flood  Control  Channels  Research  Program  during  the  past  4  years  has 
been  to  provide  systematic  methods  that  hydraulic  design  engineers 
can  use  to  calculate  four  of  the  six  Hydraulic  Design  Parameters 
for  a  channel.  The  six  parameters  are  shown  in  table  2. 

4 . 1  Hydraulic  Design  Parameters.  The  hub  of  the  computations  is 
a  PC~program  called  SAM.  That  stands  for  "Hydraulic  Design  Package 
for  Channels."  The  purpose  of  SAM  is  to  provide  hydraulic  design 
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engineers  with  a  method,  based  on  state  of  the  art  theory,  for 
rapidly  calculating  stable  channel  dimensions  in  both  fixed  and 
mobile  boundary  streams. 


Table  2.  Six  Hydraulic  Design  Parameters 

*1.  WIDTH 
*2.  DEPTH 
*3.  SLOPE 

*4.  HYDRAULIC  ROUGHNESS 

5.  PLAN-FORM 

6 .  BANK-LINE  MOVEMENT 

Note:  *  Marks  parameters  calculated  by  SAM 


4.2  Organization  of  SAM.  The  three  major  calculation  modules  are 


T 

I 


HYDRAULIC 

CALCULATIONS 


T 

I 


SEDIMENT  TRANSPORT 
CALCULATIONS 


T 

I 


SEDIMENT  YIELD 
CALCULATIONS 


These  are  supported  by 

PSZm  -  Input  Data  Screens  programmed  in  QUICK-BASIC 
HECDSS  -  Data  storage  and  graphics 

6AM.t95  -  a  utility  that  reads  HEC2  TAPE95  and  calculates 
average  hydraulic  properties  for 
sediment  transport  calculations. 

SAFI. aid  -  guidance  for  selecting  a  transport  function 
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PARTICLE  SETTLING  VELOCITY  -  CORPS  program  H0910  for 
calculating  the  settling  velocity  of 
sediment  particles. 

ENDOW  -  an  Expert  System  that  includes  Environmental 

Engineering  considerations  in 
channel  design. 


4.3  HYDRAULIC  CALCULATIONS.  SAM.hyd  is  a  normal  depth  solution  of 
the  Manning  Equation  using  either  simple  of  complex  cross  sections. 
It  calculates  hydraulic  roughness  in  each  panel  in  the  cross  sect¬ 
ion  (a  panel  is  the  space  between  2  consecutive  coordinate  points 
on  a  cross  section  plot.): 


Manning  n-value 

Colebrook-White  Diagram 
bution  equations) 

Strickler  Equation 

Limerinos  Equation 

SCS  Grass  Equations  for 


(Keulegan  Velocity  Distri- 


S  Types  of  Grass 


4.4  Options  for  Solving  Manning's  Equation.  Any  of  the  variables 
can  become  the  dependent  variable  except  for  side  slope,  z. 


Q  =  f(D,  n,  W,  z,  S) 


(2.1) 


where 

Q 

D 

n 

W 

z 

S 


water  discharge 
water  depth 
n-value 
bottom  width 

side  slopes  of  the  channel 
energy  slope 


Water  discharge  wi3 1  be  calculated  when  all  variables  except  water 

discharge  are  prescribed. 


Normal  Depth  will  be  calculated  when  all  variables  except  Water 

Surface  elevation  are  prescribed. 

Bottom  Width  of  the  channel  will  be  calculated  when  all,  vari¬ 
ables  except  bottom  width  are  prescribed. 

Hydraulic  Roughness  (n-values  and  Ks  values)  will  be  calculated 

when  all  variables  except  n-value  are 
prescribed. 

Energy  Slope  will  be  calculated  when  all  variables  except 

slope  are  prescribed. 

Flow  Distribution  will  be  calculated  when  all  variables  are 

prescribed  and  during  any  other  computation. 

Bed  Roughness  Prediction  is  made  with  Brownlie's  method. 


Composite  Hydraulic  radius  and  n-value  can  be  calculated  by  four 

options : 

(1)  Alpha  method/ 

(2)  Equal  Velocity  method, 

(3)  Total  Force  method  and 

(4)  Conveyance  method. 


Piprap  Size  is  calculated  if  the  bed  shear  stress  is  greater 

than  Shield's  critical  value. 

Effective  Width.  Depth  and  Velocity  are  calculated  for  use  in 

sediment  transport  calculations. 


4 . 5  Options  for  Calculating  Stable  Channel  Dimensions.  Stable 
channel  dimensions  refer  to  combinations  of  width,  depth  and  slope 
for  which  the  resulting  hydraulic  parameters  will  transport  the 
inflowing  bed  material  load. 


Channel  Width,  Depth  and  Slone  are  printed  for  a  wide  range,  of 

values . 


Regime  Width  is  calculated  for  the  prescribed  water  discharge. 
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Figure  1.  Typical  Cross-Section  used  in  Analytical  Method. 
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4.6  Plots.  The  following  hydraulic  plots  are  valuable 
decisions  about  sand  bed  channels. 

Table  3.  Plots  of  Hydraulic  Parameters 

STAGE  VERSUS  N-VALUE 
STAGE  VERSUS  AVERAGE  VELOCITY 
STAGE  VERSUS  EFFECTIVE  VELOCITY 
DISCHARGE  VS  EFFECTIVE  VELOCITY 
STAGE  VERSUS  DISCHARGE 
STAGE  VERSUS  WIDTH 
STAGE  VERSUS  EFFECTIVE  WIDTH 
STAGE  VERSUS  HYDRAULIC  RADIUS 
CROSS  SECTION  GEOMETRY 
SLOPE  VERSUS  WIDTH 

4.7  Riprap  Size.  Riprap  size  is  calculated  using  the  Maynard 
equations.  The  12-standard  riprap  sizes  shown  in  EM  1110-2-1601 
are  coded  into  SAM  In  addition,  up  to  5  sizes  of  quarry  run  riprap 
can  be  encoded.  Shield's  Diagram  is  used  to  determine  if  the 
stream  bed  particles  are  stable  or  if  riprap  is  needed. 


5.  Sediment  Transport  Calculations.  The  purpose  of  this  module  is 
to  provide  a  sediment  transport  function  fox"  the  range  of  field 
conditions  where  projects  v.’ill  be  developed. 


5.1.  Available  Sediment  Transport  Functions.  The  following  have 
been  incorporated  into  SAM.sed.  Except  for  Brownlie,  these  are 
functions  from  HEC-6. 


Table  4.  SEDIMENT  TRANSPORT  FUNCTIONS 


ACKER-WHITE. 
ACKER-WHITE,  D50 
BROWNLIE 
COLBY 

LAURSEN ( COPELAND ) 
LAURSEN (MADDEN) , 1985 
MPM(1948) . 

MPM(1948) ,D50 
TOFFALETl . 
TOFFALETI-MPM 
TOFFALETl-SCHOKLITSC 
YANG . 

YANG,D50 


5.2  SAM. aid  -  Guidance  in  transport  function  selection.  A  com¬ 
puter  program  has  been  developed  search  existing  data  sets  and 
identify  the  most  appropriate  sediment  transport  function  given 
values  for  the  following: 


(VELOCITY,  DEPTH,  SLOPE,  WIDTH,  AND  Dj^  ) 


First,  test  data  sets  that  match  the  screening  parameters  of  the 
project  are  identified.  Then,  each  data  set  is  inspected  to 
determine  which  transport  functions  did  the  best  in  reconstituting 
the  measured  transport  rates.  The  functions  are  then  ranked  from 
best  to  worst  and  the  best  three  are  listed. 

6.  Sediment  Yield.  The  purpose  of  "Sediment  Yield"  is  to 
calculate  the  weight  and  volume  of  sediment  passing  a  cross-section 
during  a  specified  period  of  time.  Typically  that  is  annually,  but 
it  can  be  a  single  event. 


FLOW  DURATION  CURVE  method  and 
FLOW  HYDROGRAPH  method. 


7.  Basic  Phils.sophy.  The  effort  has  been  directed  toward 
packaging  existing  technology  so  design  engineers  can  be  sure  their 
projects  will  be  save,  reliable,  maintainable,  and  environmentally 
pleasing.  Procedures  meet  the  requirements  of  Engineering 
Regulations  and  meet  the  requirements  in  the  water  resources 
development  legislation.  The  methods  have  been  packaged  for  MS-DOS 
computers . 

8.  Points  of  Discussion,  The  technology  in  SAM  is  for  sand  bed 
streams.  It  solves  the  Manning  equation  in  the  usual  way; 
calculates  bed  shear  stress;  uses  the  Shield  criteria;  calculates 
sediment  transport;  and  calculates  sediment  yield.  We  are  using 
existing  equations.  How  far  can  those  equations  be  pushed? 

Regime  equations  have  been  used  for  some  time  by  Charlie  Neill  and 
his  colleagues  in  Canada.  Some  of  their  streams  have  very  coarse 
bod  sediment.  How  far  can  those  equations  be  pushed? 
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How  does  one  sample  a  coarse  bed  stream? 

How  does  one  obtain  a  suitable  value  for  the  wash  load  and  the 
"through-put"  load  without  extensive  data  collection? 

What  are  the  major  gaps  in  knowledge  that  need  to  be  filled  before 
applying  SAM  to  steep  gradient  streams? 


A  Review  of  Natural-Gravel-Transport-Detoction 
Experiments  at  Squaw  Creek,  Montana,  1981-1991 


Stephan  G.  Custer,  Depaitment  of  Earth  Sciences,  Montana  State  University, 
Bozeman,  MT  59717-0348 


Abstract 

The  magnetism  of  natural  particles  is  a  useful  tracer  for  the  study  of  gravel 
transport  on  stream  bottoms.  During  the  past  10  years  a  device  has  been  developed 
at  the  Technische  P’aclihocbschule,  and  the  Freien  Universitat,  Berlin,  Germany  and 
Montana  State  University  which  detects  the  motion  of  naturally  magnetic  pebbles 
and  cobbles  on  the  stream  bottom.  Since  the  tracer  does  not  have  to  be  installed, 
assessment  of  tran.sport  is  possible  under  undisturbed  natural  conditions.  The 
detector  system  counts  particles  as  they  move  over  the  sensor.  The  records  provide 
insight  into  the  spatial  and  temporal  distribution  of  bed-load  transport  in  natural 
streams.  Data  from  this  detector,  bed-load  sampling,  and  hydraulic  measurements 
suggest  that  the  threshold  for  transport  varies  in  response  to  geomorphic  as  well  as 
hydraulic  processes.  Transport  peaks  do  not  necessarily  correspond  to  discharge 
peaks.  The  transport  rate  varies  both  temporally  and  spatially  across  the  stream 
bottom.  The  variability  suggests  selective  transport  of  gravel  particles  in  response 
to  geomorphic  as  well  as  hydraulic  variables. 

The  detector  wiU  work  in  many  gravel-bed  streams  including  those  in  the 
Pacific  Northwest, and  Ala.ska.  The  detector  has  potential  as  a  sensing  dewhe  to  alert 
managers  of  the  onset  of  particle  motion  and  its  location.  The  device  also  has 
potential  to  furt.her  elucidate  gravel- transport  processes  and  the  factors  which  control 
the  threshold  of  gravel  motion,  transport  location,  and  the  temporal  distribution  of 
tran.^^,  H  particularly  if  the  universal  problems  associated  with  physical  sampling 
during  gravel  transport  can  be  solved  or  at  least  reduced  during  calibration. 
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A  Re\new  of  Natural-Gravel-Transport-Detection 
Experiments  at  Squaw  Creek,  Montana,  1981-1991 


Introduction 


The  Problem 


Bed-load  transport  is  of  interest  to  people  planning,  constructing,  and 
operating  engineering  structures  in  gravel-bed  rivers  (Neil  and  Hey,  1982;  Wang,  and 
others,  1987;  Ackers  and  Thompson,  1987;  Griffiths,  1989;  Lagasse,  and  otliers,  1991; 
Richardson  and  others,  1991).  Questions  include:  What  is  the  threshold  for  motion 
of  bed  material?  How  much  material  can  be  expected  to  move?  How  much  material 
is  moving?  Where  on  the  bed  is  material  moving?  These  questions  are  difficult  to 
answer  because  bed-load  transport  is  not  typically  visible,  and  because  of  difficulties 
with  hydraulic  measurement  and  bed-load  sampling  under  conditions  favorable  for 
coarse-gravel  motion.  A  veiriety  of  tracers  have  been  used  to  explore  gravel  transport 
(Bunte  and  Ergenzinger,  1989).  In  1981,  Ergenzinger  and  Custer  (1983)  developed 
a  measurement  technique  which  uses  the  natural  magnetism  of  particles  in  a  stream 
bed  to  detect  transport.  During  the  past  10  years,  the  teclinique  has  evolved,  and  has 
provided  insight  into  transport  processes  in  gravel-bed  systems.  This  paper  reviews 
the  development  of  the  technique  and  some  results  from  measurements  at  Squaw 
Creek,  Montana.  The  purpose  of  the  review  is  to  identify  the  advantages  and 
disadvantages  of  the  method,  illustrate  some  applications,  and  provide  some  insight 
into  the  natvure  of  gravel-transport  processes  in  natural  streams. 

The.  Site 


The  research  site  is  50  m  upstream  of  the  confluence  of  Squaw  Creek  and  the 
Gallatin  River  in  Gallatin  County  Montana  (Figure  1).  The  site  characteristics  have 
been  summarized  by  Ergenzinger  auid  Custer  (1983)  and  by  Bunte  and  others  (1987). 
The  streaun  drains  an  area  of  106  km^,  has  a  relief  of  1520  m,  and  a  Strahler  stream 
order  of  4.  The  bedrock  which  underlies  the  drainage  basin  is  approximately  25 
percent  Archean  quartzofeldspatliic  gneiss,  20  percent  Paleozoic  and  Mesozoic 
sediments,  and  55  percent  Eocene  andesitic  and  basaltic  lava  flows,  mudflows,  and 
intrusions  (McMannis  and  Chadwick,  1964).  The  50  year  recurrence  interval 
discharge  is  20  m^s  (Ergenzinger  and  Custer,  1933).  The  bankfull  discharge  (Oj^) 
is  5  mVs.  Water-surface  slope  and  bed  slope  vary,  but  are  approximateh'  0.02 
(Biigosh,  1988).  The  stream  peaks  between  1  May  and  1  July.  The  peaks  are 
typically  caused  by  snow  melt,  but  some  rain-generated  peaks  in  the  absence  of  snow 
have  been  observed. 
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Figure  1.  Location  map  for  Squaw  Creek  (after  Bugosh  and  Custer,  1989  and  Bimte 
and  others,  1987). 

The  .site  is  divided  into  two  channels  (Figure  2).  The  main  (south)  channel  is 
approjdniately  11  m  wide.  The  north  channel  is  approximately  6  m  wide.  The 
channels  are  separated  by  a  gravel  bar.  The  east  end  of  llie  gravel  bar  is  stabilized 
by  an  alder.  A  road  bridge  to  the  Castle  Rock  Baptist  Bible  Camp  across  Squaw 
Creek  constricts  the  channel  to  a  width  of  approximately  8  m.  When  the  U.S.  Forest 
service  installed  the  bridge,  logs  with  wire  mesh  draped  below  them  were  placed  in 
the  stresun  bed,  and  attached  to  the  bridge  abutment.  These  logs  were  necessary 
because  Squaw  Creek  is  graded  to  the  Gallatin  River  8ind  displays  considerable 
dynamic  behavior  in  response  to  rising  and  falling  stage  of  the  Gallatin  River 
(temporary  local  base  level).  Each  year  Squaw  Creek  deposits  gravel  at  the 
confluence  with  the  Gallatin  River  during  high  flow,  and  cuts  through  the  deposit  in 
early  summer  when  stage  on  the  Gallatin  River  falls. 

The  channel  at  the  site  is  dynamic.  When  resecuch  began  in  1981,  there  was 
a  single  south  channel  with  the  thalweg  directed  approximately  normal  to  the  bridge 
and  an  abandoned  channel  with  young  vegetation  north  of  discharge-bearing  channel 
(Figire  2).  In  the  spring  of  1981,  a  16  flood  caused  erosion  and  deposition  which 
split  the  channel  into  two  parts.  In  1983,  a  logjam  burst  and  the  north  channel  was 
rearranged  again  and  returned  to  a  single  thread.  The  single  tliread  configuration 
was  maintained  xmtil  1990  when  flood  waters  began  to  encroach  on  the  abandoned 
north  channel.  Although  the  stream  changes  its  channel  configuration  periodically, 
the  channel  is  responding  to  naturally  varying  local  conditions  above  the  bridge.  The 
creek  has  remained  witliin  the  natural  terrace  banks  on  either  side  of  the  stream 
tliroughout  the  study  period.  In  this  sense,  the  channel  position  appears  to  be  stable. 
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Figxire  2.  Site  Map  (Modified  from  Bunte,  1991,  Figure  3.07) 


Several  ir,  vestigatcrs  have  riieasured  the  particle  size  distribution  of  n\aier:.al 
in  the  gravel  b.ars  and  channel  of  the  stream  (Bunte  arid  others,  1987 ;  Custer  and 
o<  hers,  1987,  Bugosh  1988;  Bunte,  1991)  (Table  1),  Median  particle  size  on  the  bar 
is  approximately  19-lH  ram  and  in  the  cham'iel  adjacent  to  tJie  bar  in  the  thalweg  is 
lUO'140  mm.  More  than  16  percent  of  the  particles  in  the  channel  are  larger  than 
200  m  i-i.  Material  as  large  as  180  mm  has  been  trapped  in  bed-load  nets  at  the 
bridge. 


Table  1.  Example  cumulative  particle  size  distribution  (mm)  (Bunte,  1901) 


ds 

^25 

^&o 

^75 

^84 

d.5 

bar  1 

0.5 

2.3 

7 

19 

32 

40 

67 

bar  2 

0.4 

1.8 

5 

24 

60 

90 

200 

chamiel 

0.5 

2.8 

18 

140 

190 

200 

220 

Work  began  on  bed-load  measurement  at  the  Squaw  Creek  site  in  1980-81 
(Ergenzinger  and  Custer,  1933).  At  that  time  there  was  a  single  automobile  bridge 
across  the  stream  at  the  site.  Over  the  years,  walk  ways  at  the  Bible-Camp  bridge 
have  been  expanded,  and  new  measurement  platforms  upstream  of  the  original  site 
have  been  installed.  A  15  cm  "catwalk”  was  installed  in  1981  under  the  road  bridge. 
This  "catwaik"  and  was  moved  up  stream  to  the  detector  log  in  1983.  A  1  m 
"suspension  bridge  was  installed  just  upstream  of  the  "catwalk"  in  1986,  and  in  1990 
a  second  1  m-wide  measuring  platform  was  installed  approximately  20  m  upstream 
of  the  load  bridge. 


Tlie  Instrument 


The  Detector 


The  gravel-bed-load-motion  detector  operates  on  electromagnetic  principles. 
The  idea  for  natural-particle  detection  aiose  from  artificial  electromagiietic  tracer 
tecliniques  which  used  a  magnet  epoxied  into  holes  drilled  in  cobbles  (Ergenzinger 
and  Conrady,  1982).  The  magnetized  cobbles  were  placed  on  or  in  the  stream  be  ’. 
In  the  artificial -magnet  approach,  motion  of  the  artificially  magnetized  cobble  induces 
a  voltage  in  a  coil  above  the  stream.  The  voltage  is  detected.  The  signal  is  produced 
by  induction.  No  input  power  is  needed  for  the  detector,  but  power  is  needed  for  the 
amplifiers  and  recorders.  At  Squaw  Creek,  instead  of  using  an  artificial  magnet, 
naturally  magnetic  pebbles  and  cobbles  a’*e  used  as  the  tracer,  and  because  the 
magnetism  of  rock  is  often  weaker  than  that  of  an  artificial  magnei.,  the  coils  which 
detect  tlie  motion  are  buried  in  the  stream  bottom  closer  to  where  the  motion  takes 
place  (Ergenzinger  and  Custer,  1983).  The  advantage  of  the  use  of  natur*ally- 
magnetic  gravel  as  a  tracer  is  tiiat  the  material  need  not  be  moved  fr-om  its  natural 
position  in  the  loed  (a  necessary  problem  with  artificial  tracers),  and  the  number  of 
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tracers  in  the  streson  bed  is  not  constrained  by  the  time  and  patience  of  an  assistant 
with  the  tedious  responsibility  to  insert  tracers  in  the  gravel  particles.  Thus,  the 
technique  detects  motion  of  many  naturally-magnetic-gravel  particles  fiom  natural 
position  on  the  stream  bottom.  A  brief  history  of  the  evolution  of  the  detector  and 
recorder  provides  insight  into  the  principle  of  operation,  the  current  state  of  the  ait 
of  the  detector,  and  the  limitations  of  tlie  detector. 


The  detectors  have  become  smaller  and  the  recorders  have  introduced  better 
amplification,  filtering,  and  data  acquisition  (Figure  3).  The  1981  detector  consisted 
of  four  20-cm-long  coils  spaced  14  cm  apart  and  connected  in  series  (Ergenzinger  and 
Custer,  1983)  (Figure  3  A  and  B).  .  Each  coil  consisted  of  9000  windings  of  0.2  mm 
copper  wire.  The  windings  were  around  a  1-m-lcng  ,  2  cm  diameter  iron  bar.  The 
detector  was  placed  in  a  channel  in  cast  concrete  and  surrounded  by  roofing  tar.  The 
concrete  block  was  1.25  m  long,  0.2  m  wide  and  0.15  m  high.  A  voltage  was  produced 
when  a  naturally  magnetic  particle  movod  across  the  detector.  The  detector  worked 
well,  but  was  heavy  (approximately  90  kg),  required  elaborate  vnring  protection 
against  cobble  impact,  and  was  eroded  from  its  position,  washed  down  stream  and 
buried  in  a  gravel  bar  during  an  18-year  recurrence-interval  flood  (Ergenziiiger  and 
Custer  1983;  Bunte,  1991).  To  make  the  detector  more  manageable  and  sensitive, 
smaller  coils  with  approximately  20,000  windings  were  built  (Custer  and  others, 
1987)  (not  shown  in  figure  3).  Instead  of  burying  the  detector  against  the  log  that 
maintains  base  level  at  the  bridge,  the  30  cm  coils  were  encased  either  in  7.6  cm 
diameter  concrete  cylinders  or  in  4.5-cm-high  resin  half  cylinders.  The  cylinders  and 
half  cylinders  were  bolted  to  a  log  installed  across  the  stream  and  attached  to  the 
base-level- control  log.  In  addition  to  the  problems  with  line  noise  from  the  power 
supply  to  the  amplifier  and  lightning  strikes,  additional  noise  was  introduced  from 
the  physical  motion  of  the  detectors  through  the  Earth’s  magnetic  field  (Custer  and 
Ovhers,  1987).  The  smaller  coils  were  too  light  and  could  not  be  attached  to  a  log 
sufficiently  tightly  to  eliminate  vibration.  The  problem  of  wire  protection  remained. 


The  early  coils  were  oriented  with  the  core  and  axis  of  the  windings  parallel 
to  Lhe  stream  bottom.  In  1986,  a  new  desigii  was  implemented  with  the  core  and  axis 
of  the  windings  perpendicular  to  the  stream  bottom  to  produce  a  stronger  signal  from 
smaller  sensors  (Spieker  eund  Er.'jeirzinger,  1990;  Ergenzinger  and  others,  1992) 
(Figui'e  3  C  and  D). 


"Each  detector  unit  has  a  length  of  1.4  m  and  consists  of  over  300  chokes  ..." 
(7x7  mm  wfre  coils  wrapped  around  a  ferrite  core.)  "...  The  axes  of  the  chokes 
are  perpendicular  to  the  river  bottom.  The  chokes  of  each  detector  are  serially 
connected  so  that  the  total  inductivity  of  each  detector  is  about  21  Henry  (V 
s  A‘‘)"  (Spieker  and  Ergenzinger,  1990,  p.  170). 

The  detectors  are  surrounded  by  a  plastic  channel  and  fixed  with  resin  into  "dove¬ 
tail"  grooves  in  a  15  x  25  cm  x  8  m  log  imbedded  in  the  stream  against  the  log  which 
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maintains  base  level  under  the  road  bridge.  The  great  weight  of  tlie  water-logged 
detector  provides  stability,  the  multiple  blocks  provide  opportunities  to  better 
identitytransport  location.  The  two  detector  strips  were  designed  to  estirc^te  time 
of  passageof  waves  and  particles.  The  log  was  covered  with  0.8  mm  (0.0315  in.)  thick 
aluminum  sheet  to  protect  the  detectors  from  physical  damage  due  to  cobble  impact 
and  to  provide  a  smooth  surface  which  does  not  accumxilate  bed  material.  Thinner 
al'jminum  flashing  (0.292  mm;  0.0115  in.)  was  used  on  a  second  detector  installed  28 
m  up-stream  of  the  first  in  1990  (Figure  2),  and  this  cover  was  destroyed  by  cobble 
impact  in  one  season  (Figure  3  D)  while  the  thicker  aluminum  remained  in  tact.  The 
thicker  aluminum  covering  is  desirable.  Because  the  wires  for  the  detector  are  inside 
the  detector  capsule  in  the  dove-tail  groove,  they  are  protected  from  physical  damage 
(Figure  3  C).  In  the  old  design  wire  conduit  and  wires  were  damaged  annually 
(Figui-e  3  B).  Since  1986,  the  same  detector  design  has  been  used. 

The  physical  characteristics  of  the  detector  are  important  because  of  noise 
reduction  considerations  (Custer  and  ethers,  1987)  particularl3^  in  the  later-generation 
detectors  which  amplify  the  sigiiial  up  to  10*^  times.  The  following  noise-reduction 
considerations  are  essential:  1)  As  few  ferric  nails  ai*d  bolts  as  possible  should  be 
used.  Brass  and  aluminum  fasteners  and  shields  are  desirable  because  they  do  not 
corrode  and  do  not  generate  a  signal  if  they  vibrate.  2)  The  detector  itself  must  not 
move  or  vibrate  even  slightly  because  motion  of  the  detector  coils  through  the 
magnetic  field  of  Earth  produces  a  signal.  The  detector  should  be  attached  very 
securely  to  an  immoveable  object  or  be  very  heav^/.  3)  The  power  to  the 
amplifier/filter  system  should  be  very  well  groimded  and  should  be  cleaned  and 
stabilized  since  input  power  fluctiiations  arc  also  amplified  with  the  signals.  4) 
Scour  must  be  eliminated  below  the  detector  so  the  particles  move  above  and  close 
to  the  coils  and  so  tliat  erosion  and  destruction  of  the  detector  is  prevented.  (Erosion 
of  one  90  kg  block  occurred  in  1981.  The  detector  was  transported  approximately  30 
m  down  stream.)  5)  The  detector  should  be  protected  from  physical  damage  due  to 
cobble  impact  with  sheet  aluminum.  6)  Gtod  protection  for  wires  between  the 
detector  and  amplifier/recorder  is  essential  to  maintain  continuity  during  flood. 

The  Amplifier/Reoorder 

The  amplifier/recordc.  system  has  also  evolved  in  response  to  noise,  signal,  and 
counting  constraints  and  proride  fui’ther  insight  into  the  requirements  for 
installation.  From  1981  to  1986  amplification  and  recording  were  accomplished  with 
commercially-available-flat-bed-multichannel  recorders  capable  of  sensing  zero-to-one 
millivolt  pulses.  These  derices  provided  paper  output  of  good  quality  (Custer  and 
others,  1987;  Bunte,  1991),  but  had  some  practical  problems.  The  paper  speeds  were 
necessarily  high  to  gain  enough  separation  between  signals  to  allow  counting  (i-5  m/li 
and  more).  Such  paper  rates  require  someone  to  be  present  to  change  paper,  add  ink, 
fix  jams  and  generally  maintain  the  machine.  Such  paper  rates  also  produce  large 
physical  volumes  of  output.  Furthermore,  someone  was  required  to  physically  count 
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the  many  signals  produced  by  moving  particles  during  an  event.  There  were  also 
electronic  problems  with  the  recorders.  The  signal  to  noise  ratio  was  sometimes  a 
problem.  Noise  filters  and  amplifiers  improved  the  output.  Early  amplifier/filter 
devices  were  designed  and  built  for  the  flat-bed  recorders  (Spieker  emd  Ergenzinger, 
1990).  The  more  recent  amplifier/recorders  were  designed  for  computer  interfaced 
data  acquisition  by  George  Christaller  and  his  students  at  the  Institut  fur  Sensor 
Teclmik  in  the  Techniche  Fachhochschule,  Berlin,  Germany. 

"The  electronics  consist  of  4  main  parts,  a  double  auto  zei'o  amplifier  (DAZA), 
an  analog  multiplexer  (MUX),  a  data  acquisition  controller  (DAC)  with  digital 
converter  (ADC)  and  some  auxiliaiy  electronics  with  a  micro-controller" 
(Ergenzinger  and  others,  1992,  p.  5). 

The  amplifiers  enliance  the  signal  up  to  10*®  times.  The  newest  device  also  contains 
noise  filters  and  the  capability  of  visual  output  on  the  computer  monitor.  The 
computerization  of  the  system  allows  automated  signal  counting  which  replaces  the 
more  tedious  counting  of  signals  from  chart-recorder  paper. 

The  Output 
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The  detector  system  produces  output  which  shows  the  moment  coarse- 
magnetic-bed-load-particle  motion  begins  (Figure  4)  (Custer  and  others,  1987).  The 
output  also  records  the  temporal  and  spatial  variability  of  bed-load-particle 
(Figure  4).  These  results  are  not  unique  from  the  perspective  of  our  growing 
understanding  of  coarse-gr  ained  bed-load-transport  phenomena  in  flumes  and  a  few 
natural  streams  (Gomez  and  others,  1989).  However,  the  de\dce  does  provide  a 
unique  means  of  electronically  detecting  natural  transport  initiation  and  bursts 
without  elaborate,  physically  demanding,  expensive,  and  problematic  physical 
samplers  or  sediment  traps. 

Intviitively,  one  might  expect  a  good  temporal  relationship  between  stream 
discharge  and  transport  rate.  However,  examination  of  stage  and  particle-transport- 
signal  counts  plotted  on  a  common  time  axis  suggest  our  intuition  is  incorrect  (Bunte 
and  others,  1987;  Custer  and  others,  1987;  Bunte,  1991).  The  records  (Figure  5) 
reveal  that  some  hydrograph  peaks  have  no  associated  coarse-particle-transport-count 
peaks  (3,  9);  some  coarse-particle-transport-count  peaks  come  on  the  falling  limb  of 
the  hydrograph  (2,  6,  7,  8  10,  11);  some  coarse-particle-transport-count  peaks  come 
at  the  same  time  as  the  hydrograph  peaks  (1,  4,  5,  6,  11);  and  some  hydrogranh 
events  have  multiple  sediment  transport  peaks  (6,  10,  11).  Data  sampled  at  five- 
minute  intervals  reveals  even  less  correlation  with  discharge  (Bunte,  1991;  19P2). 
Analysis  of  tlie  five-minute  records  show  that  the  amplitudes  of  the  bed-load  pulses 
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increase  with  increasing  discharge  while  tlie  frequency  decreases  until  a  periodienty 
of  abut  1.5  hours  was  reached  during  peak  flow  (Biinte,  1991,  p.  145).  Examination 
of  even  more  detailed  computer-counted  records  of  coarse-particle  detection  during 
high  water  on  the  fifth  emd  sixth  of  June  1991  (Figure  6).  On  these  dates,  there  was 
actually  a  coarse-particle-transport  lull  on  most  sensor  channels  at  peak  stage  with 
a  burst  before  peak  and  a  larger  burst  after  the  peak.  Furthermore,  the  coiant-rates 
at  tlxe  start  of  measurement  on  the  lower  detector  are  higher  than  the  count  rates  at 
the  higher  detector  under  hydraxilic  conditions  which  one  would  normally  assume  are 
identical  since  the  two  detectors  are  only  28  m  apart  and  the  measurements  were 
taken  simultaneously. 


Figure  4.  Chart-recorder  record  of  potential  versus  time  from  a  from  a  1981-style 
detector  on  2  May  1982  (from  Custer  and  others,  1987,  p.  24). 

Detector  data  from  1991  show  that  transport  fluctuates  spatially  as  well  as 
temporally  at  Squaw  Creek  (Figure  6)  (Ergenzinger  and  others,  1992).  Discharge  on 
this  date  peaked  at  7.2  m^s’^  (0.4  m^s’^  north  channel;  6.8  m^s  '  main  chsinnel).  The 
gap  from  about  10:07  to  about  13:35  is  a  period  during  which  computer  data 
acquisition  briefly  failed.  Detectors  in  the  upstream  detector  log  (about  28  m  up¬ 
stream  of  the  road  bridge)  show  sediment  movement  at  different  times  and  locations. 
Most  of  the  treinsport  ocem's  in  the  channel  rather  than  on  the  shallower  bar  at  the 
up-stream  detector,  but  at  the  same  ti  re  over  the  down-stream  detector  log  (at  the 
road  bridge),  transport  tends  to  be  focused  in  the  center  of  the  stream  with  motion 
both  on  the  bar,  the  boimdary  between  the  bar  and  channel  amd  in  the  channel. 
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to  discharge  peaks  tor  reterence  m  text.  Bold  vertical  lines  are  included  to  help  guide  the  eye  between  transport  peaks 
and  the  hydrograph  for  comparison  purposes. 


Discussion 


Validation 

To  test  whether  physical  bed-load-transport  samples  can  reproduce  transport 
patterns  which  were  out  of  phase  with  respect  to  discharge  peaks,  bed  load  samples 
were  taken  in  the  chaimel  at  the  road  bridge  on  Squaw  creek  between  1.85  and  3.35 
m  from  the  right-bank  bridge  wall  with  a  large  bed-load-net  sampler  in  1988  (Bimte, 
1990, 1992).  (No  direct  calibration  of  the  detector  was  possible  because  of  electronic 
noise  problems  in  a  failing  amplifier.  A  good  example  of  the  importance  of 
eliminating  noise  and  of  the  need  for  a  good  electronic  instrument  base  and  good 
electronic  technical  support.)  The  sampler  opening  was  1.6  m  wide  and  0.3  m  high. 
The  net  was  3  m  long  and  was  composed  of  10  mm  mesh.  The  large  mesh  size  was 
selected  because  the  particles  detected  by  the  passive  magnetic  detector  are  pebble 
size  (Ergenzinger  and  Custer,  1983),  and  because  of  sampler-plugging  and  sampler 
handling  problems  anticipated  when  the  net  was  full  if  a  smaller  mesh  size  was  used 
(B\xnte,  1990).  Although  only  a  few  samples  could  be  taken  because  of  the  size  and 
unwieldiness  of  the  .sampler,  variable  transport  rates  are  again  found,  and  the  largest 
transport  rate  occmred  on  the  receding  limb  of  the  hydrograph  (Figure  7).  (The  line 
in  figure  7  reflects  discharge,  the  histogram  reflects  bed-load-transport  rate.) 
Although  transport  rate  does  broadly  increase  with  discharge  as  expected,  at  any 
given  discharge  even  for  a  single  event,  the  transport  rate  can  vary  by  an  order  of 
magnitude.  This  variation  is  midoubtedly  related  to  whether  a  transport  pulse  is 
passing  at  the  moment  of  sampling  rather  than  discharge-controlled  transport. 
Similar  results  using  other  systems  have  been  revdewed  by  Gomez  and  others  (1989). 
The  electronic  coimt  data  from  1986  and  the  hand-sampled  transport  data  from  1988, 
as  well  as  work  by  others  in  flumes  and  on  streams  suggest  that  factors  in  addition 
to  simple  hydraulic  thresholds  which  arise  from  discharge  must  control  transport 
pulses. 
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Figure  7.  Results  of  physical  bed  load  samples  taken  in  1988  with  a  large-net 
sampler  (from  Bunte,  1990,  p.  226). 


Factors  Influencing  Spatial  and  Temporal  Variability. 


The  factors  which  influence  the  spatial  and  temporal  variability  of  coarse-bed- 
load  transport  in  a  natural  fluvial  system  such  as  that  at  Squaw  Creek  are  probably 
both  hydraulic  and  geomorphologic.  Variability  exists  even  under  the  higlily 
controlled  conditions  of  flume  experiments  (for  example,  Hubbell  and  others  1987; 
Iseya  and  Ikeda,  1987).  The  use  of  hydraulic  factors  to  predict  sediment  transport 
have  be^n  the  subject  of  intense  scrutiny  for  many  years  (for  example,  Bagnold,  1977, 
Andrews,  1983;  Carling  1983;  Bathurst,  1987;  Bathurst  and  others,  1987).  Given  the 
spatial  and  temporal  variability  and  the  lack  of  correlation  between  pulse  and 
discharge  or  stage,  broad  gener2dizations  which  use  stream-wide  stream  power  (a 
function  of  discharge  and  slope)  or  even  stream- wide  shear  stress  (a  function  of  slope 
and  depth)  appear  unlikely  to  explain  the  observed  behavior.  Local  spatial  and 
temporal  variation  of  stream  power  per  unit  bed  width,  local  shear  stress,  or  local 
shear  velocity  in  response  to  local  changes  in  velocity,  depth,  and  slope  at  different 
locations  on  the  stream  bottom  may  better  explain  the  pulses.  However, 
instantaneous  measurement  of  local  changes  in  depth,  slope,  and  velocity  profiles  for 
the  water  at  many  locations  is  very  labor  intensive  and  has  rarely  been  accomplished 
in  natural  systems.  Iseya  zmd  Ikeda  (1987)  reviewed  factors  which  might  result  in 
such  motion.  Factors  include  hysteresis  (Milhous  and  Klingeman,  1973;  Griffiths, 
1989;  Kuhnle,  1992),  armour  development  (Gomez,  1983),  kinematic  waves  (Langbein 
and  Leopold,  1968;  Ricd  and  others,  1985),  longitudin.al  sorting  processes  (Tseya  and 
Ikeda,  1987),  and  migrating  bed  forms  (Hubbell  and  others  1985;  Whiting  and  others, 
1988;  Kuhnle  and  Southard,  1988).  The  importance  of  many  of  these  factors  carmot 
be  tested  with  the  detector,  but  migrating  bed  forms  might  be  visible  in  detector 
records  from  two  detectors  separated  by  a  short,  distance.  Visual  examination  of 
figure  6  does  not  reveal  an  identifiable  pulse  of  sediment  transport  at  the  upper 
detector  followed  by  a  similar  identifiable  pulse  at  the  lower  detector. 


Change  in  slope  is  an  important  hydraulic  variable  which  is  rarely  measured 
in  space  and  time  at  natural  sites  during  sediment  transport  (Prestegaard,  1983). 
Some  preliminary  measurements  of  spatial-temporal  change  of  slope  at  Squaw  Creek 
have  been  made  by  laying  hoses  longitudinally  along  the  stream  bottom  at  several 
locations.  The  up-stream  end  of  the  hoses  are  bent  so  they  face  down  stream  to 
reduce  the  influence  of  flow  velocity,  and  constitute  the  point  of  measurement  for  the 
head.  At  the  downstream  end,  a  clear  tube  is  attached  to  the  hose  and  is  raised  out 
of  the  stream.  The  difference  in  height  between  the  water  level  in  the  tube  and  the 
level  of  water  adjacent  to  the  tube  is  tlie  change  in  head.  The  head  difference  di\ided 
by  the  distance  between  the  upstream  end  of  the  hose  and  the  place  where  the  clear 
tube  is  raised  represents  the  slope.  If  multiple  hoses  are  installed,  the  slope  between 
the  two  hoses  can  be  measured.  This  arrangement  allows  v/ater-surface  slope 
assessment  through  space  and  time  at  least  to  a  limited  extent  along  two  banks.  In 
1986  and  1988  slope  tubes  were  spaced  at  17.3  m  on  the  left  bank  (Bvmte,  1991). 
Data  from  head  in  the  two  hoses  revealed  that  slope  varied  through  time  as  the  flood 


progiessed.  In  1991,  slope  tubes  were  inst>alied  on  both  banks  (Ergenzinger  and 
others,  1992)  (Figure  8).  This  data  shows  that  water-surface  slope  varies  between 
0.022  and  0.018.  Generally  the  water-surface  slope  on  the  right  bank  is  higher  than 
on  the  left  bank  but  in  the  morning  the  two  slopes  cross  and  values  are  highest  on 
the  left  bank  for  a  wbJle.  The  changes  in  water-surface  slope  were  on  the  banks  and 
so  cannot  be  compsured  easily  to  the  transport  pulses  in  the  stream  channel  itself,  but 
the  data  suggest  that  slope  varies  measurably  temporally  and  spatially.  This  result 
is  not  surprising  since  the  gravel  bar  (and  mialtiple  channels)  introduce  spatial 
variation  in  bed-surface  slope.  The  results  reinforce  the  statement  by  Gomez  and 
Church  (1989,  p.  1183), 

"...In  view  of  this,  strictly  "local”  hydraulic  parameters  should  be  utilized.  The 
use  of  mean  or  total  hydraulic  values  represents  a  channel-wide  integration 
before  the  transport  calculation,  whereas  strict  observance  of  the  form  of  the 
formulae  requires  that  the  transport  be  calculated  first.  Since  the  formulae 
are  non  linear,  the  effect  may  be  important." 

Moie  work  with  collection  and  analysis  of  natural  slope  data  at  many  points  on  the 
stream  bed  is  needed  to  better  xmderstand  relationships  between  depth,  slope,  shear 
stress,  stream  power,  and  coarse-bed-load-transport  pulses.  There  may  even  be  a 
relationship  between  the  piilses  and  the  water  surface  slope  related  to  turbulent 
(ijnsteady)  flow  cells.  Such  interaction  might  be  causative  (cells  develop  and  induce 
transport  when  the  whole  bed  is  near  threshold)  (Ergenzinger  and  others,  1992), 
responsive  (water  surface  slope  responds  to  sediment  transport  waves  but  does  not 
drive  them),  interactive  (water- surface  slope  and  tiansport  interact)  or  unrelated. 


Figure  8.  Slope  variations  near  the  right  and  left  banks  during  1991  (cf  Figure  6). 
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Although  hydraulic  factors  are  generally  assumed  to  control  sediment  transport 
in  gravel  bed  rivers,  geomorphic  factors  also  have  an  impact  on  natural  sediment 
transport  smd  supply  (Bathurst,  1987;  Blu.ck,  1987;  Bugosh  and  Custer,  1989; 
Griffiths,  1989;  Hassan  and  Ried,  1990;  Hoey  and  Sutherland,  1991;  Jong,  1991  and 
1992;  Naden  and  Brayshaw,  1987;  Warburton,  1992).  Bathxirst  (1987)  suggests  an 
interaction  between  sediment  storage  and  armour  layers  may  explain  particle 
transport  events  which  lag  behind  the  peak  discharge  or  even  occur  before  the  peak. 

"Break-up  of  this  layer  near  the  peak  flow  releases  material  firom  below  the 
layer  and  allows  greater  transport  during  the  falling  limb  of  the  hydrograph 
(eg.  Klingeman  and  Emmett,  1982;  Reid  and  others,  1985).  The  opposite  may 
occur  if,  instead,  the  rising  hmb  is  able  to  tap  supplies  of  sediment  which  have 
been  accumiilating  along  the  channel  since  the  pre\'ious  flood"  (Bathurst,  1987, 
p.  283.). 

Bursting  sediment  transport  at  a  smaller  temporal  scale  than  discharge  events 
(Figure  4)  may  also  be  related  to  the  creation  and  destruction  of  cluster  bed-forms  in 
gravel  bed  rivers  (eg:  Reid  and  Frostick,  1984;  Hassan  and  Reid,  1990;  Jong,  1991). 
Cluster  organization  and  destruction  might  control  entrainment  thresholds 
(Brayshaw,  1985). 

Other  supply  factors  may  influence  the  "erratic"  sediment  transport  patterns. 
One  explanation  of  the  fact  that  there  are  more  particle  cnunts  at  the  luwer  detector 
than  the  upper  in  figure  6  may  be  that  bed  material  was  stored  between  the  two 
detectors  during  an  earlier  event  and  moved  over  the  detector  during  the  rising  limb 
of  the  hydrograph  during  the  period  shown  in  the  figure  (Bunte,  personal 
communication,  1992).  Another  explanation  may  relate  to  exposure  of  new  material 
■'  threshold  hydraulic  conditions  as  stage  increased  and  new  bed  features  were 
flooded  in  or  near  the  reach  of  interest.  There  are  imdoubtedly  also  interactions 
between  channel  features  and  the  flow  which  may  result  in  local  changes  in  channel 
position,  slope,  and  local  flow  direction  or  changes  in  channel  or  thalweg  location 
which  may  occur  within  or  up  stream  of  the  charmel  system  under  study  (Griffiths, 
1989;  Naden  and  Brayshaw,  1987).  For  example,  an  alternative  explanation  for  the 
higher  count  data  at  the  onset  of  measurement  in  figure  6  is  exposur  e  of  new  sources 
in  the  channel  north  of  the  gravel  bar  (Figure  2)  which  are  not  available  to  influence 
the  upstream  detector  block.  Different  channels  are  not  required  to  cause  supply 
fluctuations.  As  stage  rises  different  p2irts  of  the  channel  are  inundated  and  these 
areas  contain  different  sized  material.  These  newly  inundated  areas  represent 
different  supplies  available  for  transport  at  different  times.  Other  supply  factors 
include  simple  bank  erosion  and  coUapse,  disruption  of  the  stream  bottom  by  floating 
debris,  and  log-jam  bursts  (Bugosh  and  Custer,  1989).  Sediment  pulses  may  also  be 
delivered  by  nearby  tributary  streams  (Bathurst,  1987),  debris  flows  or  land  slides 
near  by,  or  be  delivered  upstream  some  distance  at  a  much  earlier  time  and  simply 
arrive  at  the  site  many  flood  peaks  later.  Hydraulic  conditions  probably  interact 
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dynamically  with  supply  in  a  complicated  way  to  produce  unsteady  transport 
behavior. 


Calibration  (Gravel-TransTX)rt  Sampling  Problems) 


The  detector  output  clearly  shows  spatial  and  temporal  transport  patterns,  and 
permits  analysis  of  transport  with  respect  to  discharge,  but  the  data  is  displayed  in 
counts-per-time  imits  rather  than  the  more  conventional  mass-per-time  units  (Both 
approaches  include  a  per  unit  stream  width  term  which  varies  depending  on  the 
detector,  sampler  v.ddth,  and  whether  all  width  terms  are  summed  for  the  stream.) 
Although  the  non-traditional  units  of  counts  (particles)  per  miit  time  are  useful,  there 
is  interest  in  the  relationship  between  mass  transport  and  the  number  of  particles 
moving.  The  history  of  calibration  attempts  provide  insight  both  into  the  particle 
detector  and  into  bed-load  transport  measurement  problems  in  gravel-bed  streams. 


A  simple  proportionality  approach  was  used  in  1981  (Ergenzinger  and  Custer, 
1983).  The  approach  depends  uxi  knowledge  of  the  proportion  of  detectable  particles 
in  the  stream  bed.  Not  all  mobile  coarse-bed-load  particles  are  detected,  only  a 
portion  of  them  are.  A  variety  cf  factors  influence  detectibility.  Factors  include  the 
amoimt  of  magnetic  minerals  in  the  rock  composing  the  clast,  the  size  ol  the  clast,  the 
orientation  of  the  clast  during  passage  over  tire  detector,  the  height  of  the  clast  above 
the  detector,  and  the  velocity  of  the  clast.  The  uncalibrated  use  of  count  data  from 
the  ueteclux  depends  on  the  assumption  that  both  detectable  and  nondetectible 
particles  are  moving  past  the  detection  point  at  any  moment  in  time.  Thus,  there 
is  a  relationship  between  number  of  detectable  coarse  particles  and  the  total  number 
of  particles  passing  the  detector.  Since  no  property  of  a  detectable  coarse  particle  is 
known  to  influence  transportability  in  a  way  that  is  different  from  an  rmdetectable 
coarse  particle,  the  assumption  of  a  relationship  appears  reasonable.  Indeed,  the 
presence  of  nondetectible  particles  is  actually  an  advantage,  because  if  all  particles 
were  detectable,  the  counters  would  probably  be  overwhelmed.  Based  on  laboratory 
experiments  with  detectors  used  in  1981  only  about  15%  of  the  material  larger  than 
pebble  size  was  counted  and  only  about  5  %  of  all  material  in  transport  was  counted 
(Ergenzinger  and  Custer,  1983).  The  ratio  has  probably  changed  as  the  detectors, 
filters,  and  amplifiers  have  changed,  but  generally  the  assumption  is  made  that  there 
is  a  proportional  relationship  between  detectable  and  xmdetectable  particles.  To 
define  the  relationship  of  proportionality  gravel-sized  bed-load  transport  sampling  is 
needed. 


While  there  are  several  problems  with  the  simple  proportionality 
approximation  outlined  above,  field  sampling  is  no  more  straight  forward  (Bathiirst, 
1987;  Church  and  others,  1987).  The  problems  exist  for  other  workers  as  well  (for 
example,  Gomez  and  Emmett,  1991)  and  are  simply  reiterated  by  calibration 
attempts  at  Squaw  Creek.  Given  the  nature  of  the  count  data,  any  calibration  must 
be  accomplished  at  the  same  location  as  the  detection  and  must  occur  over  the  same 
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time  interval.  Samples  taken  at  different  locations  c  ;  different  times  cannot  be  used 
because  of  the  temporal  and  spatial  vaiiability  of  transport  demonstrated  by  the 
detector.  Early  attempts  used  a  modified  Muhloffer  sampler  (Ergenzinger  and  Custer, 
1983;  Lee  Figure  3  B).  The  force  of  the  water  physically  prevented  the  sampler  from 
being  moved  forward  into  sampling  position  even  with  substantial  levers.  A  7.6  cm 
Helley-Smith  sampler  atUiched  to  a  "fish"  was  tried,  but  cross  cuiTents  prevented 
accurate  positioning  of  the  sampler  over  the  detector.  Hand-held  Helley-Smith 
samplers  from  a  foot  bridge  were  also  tried.  Three  problems  resulted  in 
abandonment  of  this  technique.  The  first  problem  is  bed  contact.  Physical  sampling 
must  occur  at  the  down-stream  detector,  in  the  channel  where  the  largest  particles 
occur,  at  the  point  where  most  detection  is  observed.  Here,  tliere  are  cobbles  and 
boulders  nearly  flush  with  the  detector.  The  hand-held  sampler  rests  in  irregular 
contact  on  these  boidders.  This  poor  bed  contact  means  sediment  bypasses  the 
sampler  because  the  nozzle  is  held  above  the  transport  site  around  the  boulder 
(Figure  9  a).  A  second  problem  has  to  do  with  orifice  size.  The  photograph  of 
particles  trapped  in  the  large-net  sampler  next  to  the  15  cm  (6  inch)  Helley-Smith 
SEimpler  (Figure  9  b)  graphically  illustrates  the  need  for  a  large  sampler  orifice. 
Clearly  an  orifice  larger  than  six  inches  is  needed,  but  even  the  15  cm  Helley  Smith 
sampler  with  a  2.5  m  handle  levered  against  the  foot  bridge  has  presented  too  much 
surface  area  to  the  stream  to  be  successfully  held  in  a  known  position  safely.  A  final 
problem  is  the  electronic  noise  induced  by  the  metallic  sampler.  The  number  of 
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makes  counting  impossible.  Given  the  temporal  variabihty  of  transport,  the  time  of 
sampling  and  counting  must  coincide.  Thus  even  if  a  sample  is  obtained,  one  can  not 
be  certain  it  is  representative  of  material  in  transport  during  the  counting  interval . 


Because  of  the  difficulties  with  hand-held  samplers,  considerable  discussion  has 
taken  place  regarding  Birkbeck  (Lewis,  1991)  and  vortex  samplers  (Klingeman  and 
Milhous,  1970;  Tacconi  and  Billi,  1987).  For  Birkbeck  samplers,  there  have  been 
concerns  about  filling  and  emptying  rates.  In  1991,  an  inexpensive  large-net  seimpler 
was  further  modified  in  order  to  over  come  the  problems  previously  encountered  with 
the  small  hand-held  samplers  (Bunte,  1992).  However,  the  3  x  1.6  x  0.3  m  net  was 
filled  to  capacity  in  5  minutes  and  was  too  heavy  to  physically  be  removed  from  the 
stream  until  low  flow.  Emptying  a  Birkbeck  type  sampler  multiple  times  during  a 
transport  event  has  been  daunting,  as  have  the  problems  of  changing  sampler 
efficiency  during  filling,  particularly  as  sediment  fall  approaches  the  top  of  the 
sampler.  A  small,  vortex  sampler  has  been  constructed  for  part  of  tlie  channel  width 
just  below  the  dovmstream  detector  leg  but  has  not  yet  been  in  the  stream  during  a 
transport  event.  This  sampler  also  has  volume  and  mass  problems  vtith  output 
during  periods  of  high  transport  rate,  and  also  has  some  problems  with  sampler 
efficiency  for  particles  smaller  than  10  mm  (Bathurst,  1937).  The  problems  of 
physically  sampling  a  gravel  bed  river  with  abimdant  cobbles  and  boulders  is  a 
significant  problem  which  reqxoires  careful  attention  to  sampling  time,  sampling 
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duration,  sampler  position,  sampler  efficiency,  bed  contact,  net  size,  and  how  to  lift 
large  samples  from  the  stream  without  interfering  with  the  counting  detector. 


Applications 

Although  correlation  of  detector  counts  to  mass  transport  beyond  the  simple 
proportional  approximation  has  proven  difficult,  the  detectors  produce  excellent  data 
for  appropriate  applications.  Successfiil  application  depends  upon  experimental 
design  and  the  question  posed.  Applications  exist  both  for  model  verification  and  for 
monitoring. 

If  the  model  question  is,  "Do  modeled  predictions  of  the  initiation  of  gravel 
transport  in  natm  al  livers  match  those  observed,"  the  detector  enn  moni  tor  threshold 
of  initiation  of  gravel  transport  and  provides  a  comparison.  (The  assumption  is  that 
both  detectable  <ind  nondetectible  particles  begin  to  move  at  the  same  time.  This 
seems  to  be  a  reasonable  inference  since  rock  magnetism  is  not  known  to  irJiibit  or 
enhance  particle  motion.)  Thus  modeled  conditions  for  initiation  of  gi-avel  transport 
can  be  tested  in  natural  settings  because  the  detector  records  continuously  and 
precisely  detects  the  initiation  of  transport. 


If  the  model  question  is,  "Where  does  bed-load  transport  take  place  in  the 
stream  uOLtOul?",  the  detector  Cml  provide  tliis  iluOrmatiOii  and  show  how  the  paitiClc- 
transport  location  changes  through  time  and  in  response  to  changing  hydraulic 
variables.  Figure  6  shows  that  gravel  pai’ticVi.s  do  not  move  everjn.vhere  on  the 
stream  bottom,  that  the  position  of  motion  is  different  at  diffe  rent  jongitudinal 
stream  positions  28  m  apart,  and  that  the  position  changes  through  timt.  Such 
information  should  be  help  with  development  of  predictive  models  for  bed-load 
transport  and  channel  change  in  gravel-bed  streams. 


If  the  model  question  is,  "Under  what  hydraulic  conditions  can  gravel  ti  ansjjoii, 
be  expected  to  begin?"  the  detector  can  provide  real-time  data  regarding  the  instant 
motion  begins  if  continuous  monitoring  of  hydraulic  variables  exists.  Knowledge 
regarding  threshold  of  motion  requires  measurements  be  taken  just  as  motion  starts. 
Identification  of  the  moment  gravel  transport  begins  in  a  natural  stream  is  very 
difficult  witii  standard  samplers.  The  detecter  is  frr  superior  to  the  technique  of 
asking  many  persomiel  to  stand  in  the  river  sampling  until  the  moment  of  onset  of 
gravel  transpoit  is  discovered.  Thus,  the  detector’s  usefulness  extends  past  model 
testing  to  monitoring  purposes  for  this  question. 


Such  detection  also  has  practical  applications.  11'  the  enrironmental  monitoring 
question  is,  "Have  pebbles  begun  to  move  on  tlie  bed  at  this  engineering  structure?", 
the  detector  cm  pre^dde  real-time  data.  For  example,  if  a  detector  were  attached  to 
a  bridge  pier,  uiitiation  of  erosion  should  be  detectable  for  monitoring  or  in  extreme 
cases  for  disaster  assessment  with  or  without  models.  Applications  might  include 
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particle  motion  warning  systems  for  small  hydroelectric  facilities  or  early  warning 
systems  for  onset  of  erosion  of  engineered  facilities  in  streams.  Thus  the  detector 
might  be  used  for  disaster  preparedness  as  well  as  for  development  of  soimd 
engineering  practice  in  gravel-bed  streams. 


Applicable  Sites 

The  detector  will  work  in  many  (but  not  all)  gravel-bed  streams.  The  primaiy 
requirement  is  the  presence  of  naturally  magnetic  material  larger  than  2  cm  in  the 
stream  bed.  Such  material  is  more  widely  available  tlian  one  might  expect.  Squaw 
Creek  drains  an  Eocene  andesitic  volcanic  complex  in  southwestern  Montana.  Thus, 
any  andesitic  volcanic  terraiii  such  as  those  associated  with  subduction  in  the 
Cascade  Range  and  Coast  Range  of  Western  North  America,  the  Aleutian  and  Alaska 
Range  in  Alaska,  the  Andes  of  South  America,  and  mountains  in  the  Philippines, 
New  Zealand,  and  Japan  is  suitable  for  the  application  of  the  magnetic  tracer 
technique  for  pebbles  and  cobbles  in  stream  beds.  Basaltic  texTsins  are  also  good 
candidates  because  of  the  magnetite  content  of  basalts  (eg:  Snake  River  Plain, 
Columbia  Plateau,  Iceland,  Deccan  Plateau  of  India).  Other  metamorphic  and 
intrusive  terrains  may  also  contain  pebbles  sufBciently  magnetic  to  be  detectiible. 
Indeed,  the  idea  for  detection  of  natiirally  magnetic  material  arose  from  the  Archejm 
Stillwater  Complex  in  Montana  '.vhich  is  associated  vith  banded  iron  formation. 
Although  that  terrain  proved  to  be  so  magnetic  tliat  there  was  fear  of  saturation  of 
the  detectors  with  signals,  otiie-  areas  of  banded  iron  formation  such  as  those  in 
Minnesota  and  Australia  have  potential.  Even  clastic  sedimentary  terrain  may 
contain  sufficient  magnetite  to  work  to  produce  detfjctable  clasts.  The  Virgelle 
Sandstone  in  Montana  has  magnetite  placer  beds  tliat  produce  magnetic  clasts. 
Immatiue  sediments  derived  from  soui'ce  terrains  with  magnetite  may  also  produc<i 
clasts  tliat  are  detectable.  The  primary  point  is  that  there  are  many  regions  in  the 
world  where  detection  is  possible.  The  best  way  to  determine  whether  the  deteclor 
will  work  is  to  use  a  stud  finder  such  as  those  used  in  the  mineral  industry  to 
identify  magnetic  ore  (about  $5  in  1992).  If  pebbles  and  cobbles  in  a  stream  attract 
a  stud  finder,  the  site  will  probably  prove  suitable  for  the  passive  magneuc-p-article 
detector.  There  are  many  such  areas,  parti culai'ly  in  mountainous  regions  of  the 
world  where  the  technique  should  work. 

Coiiclusions 

1)  There  is  a  coarse  bed-load  tr  ansport  detector  available  which  employs  electronic 
signals  induced  by  naturally-magnotic  particles  larger  than  gravel  size.  The  natural 
tracers  do  not  have  to  be  placed  in  the  stream  artificially.  The  detector  has  been 
improved  not  only  by  reduction  of  the  size  of  the  components,  but  also  with  the 
addition  of  filters,  amplifiers,  and  computer-counting  circuits.  The  improvements 
have  increased  the  sensitivit}  of  the  detector.  The  attached  computer  circuit 
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automates  the  counting  and  allows  easy  data  transfer  to  spread  sheets  or  v^ther 
c-omputer  programs. 

2;  "f'he  detector  can  be  successfully  operated  at  sites  with  naturally  magnetic  clasts. 
Si  ch  clasts  should  be  expected  in  many  areas  where  gravel-bed  streams  exist 
(Ctus'-adc  Range,  Aleutian  Range,  Andes,  Japan,  Iceland,  New  Zealand. 

3)  Ih^su.'l  s  with  the  detector  show  that  threshold  of  gravel  motion  can  be  detected  in 
real  time.  The  detector  further  shows  that  particle  motion  is  temporally  and  spatially 
variablo.  'I'hc  variability  occurs  at  several  scales.  There  is  only  a  crude  relationship 
between  di'^charge  peaks  and  otream-width-aveiaged  peaks  in  the  paiticle-counts 
data. 

4)  The  explarn-tion  for  the  spatial  and  temporal  variability  is  uncertain  but  may  be 
related  to  c.omple.v.  inLcractions  between  very  "local"  (i/ietcr  scale)  hydraulic  conditions 
(slope,  shea^  stress,  water  depth,  mesoscalc  flow  cell.s)  and  geomorphic  conditions  that 
relate  to  the  pai'tide  interactions,  stream-bed  character  and  sediment  supply  factors. 

5)  Calibration  of  the  detector  signals  has  proved  to  be  problematic  and  needs  work. 
The  problems  are  similar  to  those  reported  by  others  worki.'ig  in  coarse  gravel  bed 
rivers.  Even  without  calibration  there  may  be  applications  for  the  detector  including 
real-time  detection  of  tb.c  threshold  of  t);ansport  initiation  and  identification  of  the 
location  of  transport  on  the  stream  bottom. 

6)  Future  research  witli  the  instrument  needs  to  focus  on  spatially  and  temporally 
continuous  measurements  of  hydraulic  v^mablcs  such  as  water-s’uiace  slope,  velocity, 
depth,  and  shear  stress  as  well  the  calibration  of  the  lieuector  signals  with  bed-load 
samples  with  a  more  appropriate  sampling  devices.  New  approaches  are  needed  to 
assess  the  issue  of  sediment  supply  and  the  dynamic  interaction  between  hydraulic 
and  geomorpliic  factors  v/luch  pi'odiice  the  variable  transport  rates. 
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Radio  transmitters  wt.re  iitplanted  in  natural  river  gravel 
to  locate  and  track  the  movement  of  coarse  sediment  (39 
mm  or  larger)  through  a  natural  river  reach.  An 
automatic  data  acquisition  system  was  developed  to 
continuously  monitor  the  radio-implanted  sediment 
particles  to  determine  the  travel  time  of  the  roc)cs 
through  a  362-m  study  reach.  A  total  of  24  radio-tagged 
touko  was  Eionitored  either  continuously  or  by  periodic 
location  surveys .  The  travel  time  of  the  rocks  through 
the  study  reach  is  better  related  to  specific  gravity 
than  weight  of  the  particles.  In  addition  the  automatic 
data  acquisition  system  continuously  monitors  the  periods 
of  motion  and  rest  of  natural  river  gravel  implanted  with 
radio  transmitters  equipped  with  motion  sensors.  The 
capabilities  of  the  system  are  demonstrated  by  describing 
the  motion  and  rest  periods  of  a  single  rock  for  a  t»70- 
month  period  including  a  number  of  flood  events. 


1  ITRODUCTION 

The  use  of  radio  transmitters,  in^lanted  in  individual  sediment 
particles,  to  track  the  movement  of  coarse  sediment  in  natural  river 
systems  was  developed  independently  and  simultaneously  by  Chacho, 
Burrows  and  Emmett  (1989)  and  Ergenzinger,  Schmidt  and  Dusskamp 
(1989)  .  Both  groups  have  reported  results  from  tlie  application  of  the 
new  technique:  Emmett,  Burrows  and  Chacho  (1992)  on  seasonal  travel 
distance;  and  Ergenzinger  and  SchivUt  (1990)  on  the  travel 
characteristics  of  cobbles  in  a  step -pool  river.  In  this  paper,  we 
describe  the  application  of  the  technique  and  present  examples  of  the 
type  of  data  that  can  be  acquired  by  continuously  monitoring  the 
motion  and  rest  periods  of  various-size  sediment  particles  and  their 
travel  time  through  a  362-m  study  reach. 

The  radio  transmitter,  enclosed  in  a  hermetically  sealed  cylinder 
including  battery  and  internal  antenna,  transmits  a  pulse  at  a 
specified  frequency  and  period.  Transmitter  life  is  dependent  on 
transmittiny  interval  and  battery  size;  for  example,  a  15-  X  39~mm 
unit,  transmitting  at  a  pulse  interval  of  about  0.5  msec,  has  a  life 
of  about  €0  days,  while  an  lo—  X  72-mm  unit,  transnatting  at  the  same 
pulse  rate,  lasts  about  10  months.  Natural  sedimient  particles  are 
c(  lected  ^rom  a  study  site  and  holes  are  drilled  .'nto  the  rocks  to 
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allow  the  implantation  of  the  transmitters.  The  holeo  are  sealed  with 
epoxy  and  the  rock  is  painted  to  aid  in  recovery  at  the  end  of  the 
field  season.  Transmitters  may  be  refurbished  and  used  again.  The 
tracking  application  of  the  technique  requires  the  use  of  a 
directional  antenna,  radio  receiver  and  signal  strength  meter. 

In  the  continuous  monitoring  application  of  the  technique,  the 
transmitters  are  equipped  with  a  motion-sensor  which  emits  a  signal  at 
a  single  frequency  but  at  a  period  which  changes  dep>ending  on  whether 
the  particle  is  at  rest  or  in  motion.  A  data  acquisition  system, 
utilizing  a  stationary  antenna,  radio  receiver,  automatic  frequency 
scanner,  digital  processor  and  data  logger  is  employed  to  continuously 
monitor  the  motion  and  rest  periods  of  the  motion-sensor  equipped 
rocks . 

The  initial  application  of  the  data  acquisition  system  took  place 
in  1990,  on  Lignite  Creek,  in  central  Alaska.  In  this  study,  motion 
sensor-equipped  radio  transmitters,  with  unique  frequencies,  were 
installed  in  17  sediment  particles  which  were  monitored  by  the  data 
acquisition  system  and  are  referred  to  in  this  paper  as  the  monitored 
rocks.  An  additional  seven  sediment  particles  were  radio-tagged  for 
periodic  tracking  only  and  are  referred  to  as  the  unmonitored  rocks . 
All  24  radio-tagged  rocks  were  placed  on  a  riffle  at  the  head  of  the 
study  reach.  Periodically,  following  each  flood  event,  all  the  rocks 
were  tracked  and  travel  distances  measured. 

STUDY  SITE 

Lignite  Creek  flows  out  of  the  foothills  north  of  the  Alaska  Range 
into  the  Nenana  River  near  Healy,  Alaska.  The  drainage  area  of  the 
basin  is  approximately  125  km^ .  The  lithologies  of  the  basin  are 
prone  to  mass  wasting,  producing  high  sediment  loads  on  Lignite  Creek. 
Average  annual  water  discharge  is  0.89  m^  s~^.  Flow  during  the  study 
period  in  1990  ranged  from  0.5  to  16.3  m^  s”^.  Bedload  transport,  as 
computed  from  san^jles  collected  with  a  Helley-Smith  bedload  sampler, 
ranged  from  about  58  t  day”^  to  365  t  day~^. 

The  study  reach  is  362  m  in  a  straight  line  measure,  from  the 
point  of  introduction  of  the  radio-tagged  rocks  to  the  bridge  where 
the  data  acquisition  system  was  located.  The  reach  is  relatively 
steep  with  slope  changing  from  0.0015  m  m“^  upstream  to  O.OOOB  m  m~^ 
downstream..  The  reach  is  nearly  straight,  bending  slightly  from  right 
to  left  ^downstream,  and,  depending  upon  discharge,  may  flow  in  more 
than  one  channel.  Bed  material  varies  from  sand  to  boulders  "xnd  is 
highly  mobile;  bedload  transport  occurs  at  all  but  the  lowest  flows. 

INSTRUMENTATION 

The  data  acquisition  system  sequentially  scans  a  series  of 
programmed  radio  frequencies.  In  this  study  18  frequencies  were 
scanned,  17  radio-tagged  rocks  and  a  stationary  fixed  pulse 
transniitter  used  to  distinguish  the  beginning  of  a  scan  sequence.  The 
system  requires  15  sec  to  properly  interrogate  a  given  frequency. 
Therefore,  in  this  study,  each  radio-tagged  rock  was  interrogated  once 
every  4.5  min.  The  motion  sensor  incorporates  a  delay  time,  that  is, 
the  time  interval  that  the  transmitter  broadcasts  the  motion-indicator 
pulse  rate  following  the  occurrence  of  movement.  In  this  specific 
application,  the  delay  time  was  specified  as  4.5  min  so  that  each 
movement  of  a  monitored  rock  during  the  total  scan  sequence  would  be 
recorded.  This  means  that  any  movement  of  a  monitored  rock,  even  if 
it  rolled  only  a  partial  revolution,  would  result  in  motion  being 
recorded  on  the  subsequent  interrogation  of  that  radio  frequency  in 


the  scan  sequence.  If  the  rock  started  rolling  and  continued  to  move 
or  moved  in  a  series  of  short  start  and  stop  motions,  multiple  motion 
periods  would  be  recorded  on  subsequent  scans  of  that  rock's 
freque.icy.  Therefore,  in  this  study,  a  motion  or  rest  period  is 
defined  as  movement  or  lack  of  movement  in  a  4.5  min  time  interval. 
Higher  resolution  of  the  motion  periods  is  possible  by  reducing  the 
number  of  radio  frequencies  to  be  scanned  by  an  individual  receiver. 

The  data  record  of  motion  and  rest  periods  (4.5  min  intervals)  for 
a  single  radio-tagged  rock  is  shown  in  Figure  1.  For  this  specific 
transmitter,  marks  at  approximately  1800  msec  indicate  periods  of 
rest,  and  marks  at  approximately  800  msec  indicate  periods  of  motion. 
The  upper  plot  is  the  original,  raw  data  including  radio  interference 
and  the  record  after  the  rock  exited  the  study  reach.  Interference 
from  extraneous  communication  signals  is  briefly  discussed  below.  The 
break  in  record  and  the  reduced  quality  of  data  as  the  rock  was 
transported  through  the  road  bridge  and  out  of  the  study  reach  is 
clearly  seen  beginning  at  day  253.714.  The  lower  plot  is  the  filtered 
data  in  which  the  extraneous  interference  and  the  record  after  the 
rock  had  exited  the  study  reach  have  been  removed.  Four  episodes  of 
movement,  which  included  multiple  motion  periods,  were  recorded  near 
days  219,  238,  244  and  253.  Two  single  motion  periods  were  recorded 
on  days  241  and  248. 

Due  to  a  number  of  high  strength  transmitters  (i.e.,  railroad 
communication,  television  and  radio  repeaters)  in  the  vicinity  of  the 
study  site  which  operated  near  the  frequencies  used  in  this  study 
(163-164  MHz),  interference  was  a  problem.  In  some  cases  the 
interference  was  minor  and  could  be  filtered  out  of  the  record  (e.g.. 
Fig.  1) ;  in  other  cases  the  interference  was  so  great  that  the  entire 
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Figure  1.  Data  record  of  motion  and  resc  periods  for  a 
motion  sensor  equipped  radio-tagged  rock  (164.301).  Upper 
plot  is  the  original  raw  data,  lower  plot  is  the  filtered 
data. 
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record  of  motion  events  for  an  individual  rock  had  to  be  discarded. 
The  interference  problem  has  been  greatly  reduced  in  a  subsequent 
study  by  using  transmitter  frequencies  (146  MHz)  much  lower  than  the 
usual  communication  frequencies . 


RESULTS 

Due  to  the  somewhat  unique  setting  of  this  study  site,  where  the 
location  of  the  bridge  over  the  stream  caused  a  perturbation  in  the 
record  as  the  monitored  rock  was  transported  under  the  bridge,  two 
types  of  data  sets  can  be  recovt-red.  The  first  is  the  record  of  the 
occurrence  of  the  motion  and  rest  p>eriods,  a  time  record  which  does 
not  include  any  information  on  travel  distance.  The  second  set  is  the 
record  of  the  time  the  monitored  rocks  exited  the  study  reach,  that 
is,  the  time  required  for  transport  over  a  known  distance.  In  this 
paper  we  include  exaitples  and  initial  results  from  both  types  of  data 
sets.  Complete  analysis  and  interpretation  is  beyond  the  scope  and 
length  limitations  of  this  paper  and  will  be  reported  in  the  future. 

The  data  from  the  17  monitored  rocks  was  filtered  to  remove 
interference  and  analyzed  to  determine  the  occurrence  and  timing  of 
motion  events.  Due  to  the  interference  described  above,  only  one  rock 
had  a  con^lete  record  of  motion  events  for  its  entire  transit  time 
through  the  study  reach.  The  conqilete  set  of  motion  events  for  this 
rock  is  described  below. 

A  reach  exit  time  was  discernible  for  all  17  of  the  monitored 
rocks.  In  addition  the  reach  exit  time  for  the  seven  unmoiitored 


w  V 


l‘j\  initial 


analysis  of  these  data  sets  is  also  presented. 


MOTION  EVENTS 


The  rock  with  a  near-perfect  record  of  motion  events,  radio 
frequency  164.301,  was  about  mid-range  in  size  and  weight,  and  near 
the  upper  bound  in  specific  gravity  and  reach  exit  date  of  the  24 
radio-tagged  rocks  (Table  1) .  The  discharge  hydrograph  and  the  motion 
events  of  this  rock  during  its  transport  through  the  study  reach  is 
shown  in  Figure  2.  As  was  shown  in  I’icmre  1,  four  flood  events 
produced  motion  events  with  multiple  motion  periods,  near  day  219, 

238,  244  and  253.  The  individual  flood  events  and  corresponding 
motion  periods  are  replotted  in  Figure  3.  In  addition,  two  flood 
events  produced  a  single  motion  period,  near  day  241  and  248,  The 
data  on  the  flood  events,  including  total  number  of  monitorad  periods, 
and  the  motion  events,  including  flow  at  the  beginning  and  <;nd  of  the 
event  and  the  number  of  motion  periods,  are  listed  in  Table  2.  The 
flood  event  interval  was  arbitrarily  chosen  near  the  minimui.\  flows 
between  flood  events,  while  the  motion  event  interval  is  tal.en  as  the 
time  between  the  first  and  last  motion  period  for  a  given  flood  event. 

The  motion  periods  shown  in  Figures  2  and  3  are  the  recorded  data 
near  pulse  rate  BOO  msec  in  Figure  1.  The  intermittent  timing  of  the 
motion  events  (Fig.  3)  result  from  either  rest  periods  or  minsing 
data,  therefore  some  discussion  of  the  reliability  of  the  data  is 
required  before  progressing  to  further  analysis  or  interpret. ition . 

For  this  rock,  from  the  start  of  data  acquisition  on  day  212  to  its 
reach  exit  date  on  day  253,  a  total  of  13,144  periods  were  monitored, 
each  of  length  4.5  min.  Of  this  total,  due  to  the  extraneouf  radio 
interference,  238  periods  (1,8%)  were  either  missing  or  the  zecorded 
pulse  rate  was  not  near  either  1800  msec  (rest)  or  800  msec  (motion) 
(Fig.  1) .  The  majority  of  the  missing  data,  177  periods,  occurred 
during  small  stream  discharges,  such  as  day  212-219  and  220-232,  when 
coarse  sedj  tient  movement  was  unlikely.  The  remaining  61  missing 
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Table  1  Sediment  size  parameters  and  study  reach 
the  moniv.oietl  and  urmtoni tored  radio-tagged  l  ochs 
Crecth  1990. 
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Tabio  2 .  Flood  events 
Lignite  Creek  1990  for 

and  corresponding 
rock  164.301. 

motion  events 

on 

FLOOD  EVENTS 
Interval  Monitored 

. (day)  Periods 

Interval 

(day) 

MOTION  EVENTS 
Flow 
(m^  s“^) 

Motion 

Periods 

219.401 

219.614 

1.73 

220.401 

320 

220.014 

2.14 

22 
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238.154 

2.37 

239.701 
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239.035 
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1 
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248.748 
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1 

252.010 
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8.80 

253.714* 

546 

253.714* 

10.67* 

49 

“Exited  study  reach 

near  the  end  of  the  j-eriod,  or  laoved  continuously  throuqhvUL  the 
period . 

For  the  first  fiord  event,  on  day  219  (Fiy.  2  and  3),  22  riotion 
p>eriods  were  recotdcJ,  seven  single  period  events  a..d  three  rr.ultiple 
period  evenoo,  one  of  which  spanned  seven  zaotion  periods-  >'  location 
survey  after  this  flood  event  measured  a  travel  distance  ct  2  tri  for 
this  rock.  This  results  in  an  average  travel  distance  of  ?.191  m  per 
motion  period.  Based  on  the  median  diaioeter  of  74  nva  and  \  he  total 
number  of  motion  periods,  the  movement  of  this  particular  .  ock  daring 
this  flood  event,  ran  be  characi erized  as  rolling  an  averag>i:  ot  0.4 
revolutions  per  motion  period.  Based  on  the  ten  motion  evert.'i,  tht 
rock  moved  an  average  travel  distance  of  0.2  m  |>et  motion  ever,?  o:. 

0.86  revolutions  per  event.  These  are  averages  and  do  not  acccunt  for 
sliding  or  bounciitg,  nor  do  they  take  into  account  the  possili.’vty 
that  the  majority  of  travel  may  have  taken  place  during  one  , 

perhaps  the  event  of  seven  consecutive  motion  periods. 

The  frequency  distribution  of  consecutive  motion  periods  lor  ali 
the  motion  events  of  this  rock  during  its  transport  through  the  study 
reach  is  shown  in  Figure  4.  A  total  of  201  periods  of  motion  were 
recorded  which  were  divided  into  76  separate  motion  events,  34  single 
period  events  and  42  multiple  period  events.  As  wa.s  done  tor  the 
first  flood  event,  a  similar  analysis  o£  the  average  travel  distance 
car  be  performed  fox  the  remairing  motion  events.  Because  the 
remaining  motion  events  occurred  after  day  238,  during  much  higher 
flood  eventa,  all  these  data  are  lunifHJd  together.  A  travel  distance 
of  360  m  was  covered  in  17S  notion  periods,  or  66  Bx.'tiuii  everits 
between  day  236  and  2b3.  This  results  in  on  overage  distaiice  of  2.U1 
m  per  motion  period  or  5.4b  m  per  motion  event.  In  terms  ot 
revolutioes,  this  is  3.6  and  23.4  revolutions  psr  motion  p>etic>o  and 
rrvjtion  event  respectively.  It  apf>eais  tiiat  the  higher  flows  followioq 
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Figure  4.  Frequency  distribution  of  consecutive  motion 
svcnto  (4.5-inin  period)  for  rock  164.301  transported 
through  the  study  reach  of  362  m, 

day  238  resulted  in  longer  travel  distance  (i.e.,  larger  step  lengths) 
per  tiotioa  period  of  the  rock.  Further  analysis  along  these  lines 
await  additional  data  from  rocks  of  various  sizes  and  flow  conditions. 

An  additional  observation  of  interest  is  the  relation  between 
flows  at  the  initiation  of  motion  and  the  end  of  motion  for  the  flood 
events.  With  the  exception  of  the  single  period  motion  event  of  day 
248,  motion  did  not  begin  during  a  flood  event  until  flow  equaled  or 
exceeded  the  flow  at  which  motion  ended  during  the  previous  flood 
event  (Table  2) ,  This  is  offered  only  as  an  observation  at  this  time 
an:,!  interpretatior.  awaits  the  availability  cf  addittcnal  data. 

TRAVEL  TIME  OVER  A  KNOK..'  T'' WEL  DISTANCE 

The  reach  exit  dates  provide  a  second  type  of  data  from  whicli 
anolyaia  cf  travel  tlnios  of  all  the  radio-tagged  rocks  can  h<i 
unaertoken.  The  actual  exit  times  from  the  study  reach  were  recorded 
for  the  monitored  rocks  and  are  plotted  on  the  hydrogr.^iph  in  Figure  I>. 
The  exit  tiirtc  for  the  tnrrionitortid  rocks  was  estiiriatcd  based  on  the 
pe7.iodic  locatioi  surveys.  The  rocks  were  placed  in  the  river  on  day 
20.fi  and  fit.’it  sur<F..‘yc!il  on  day  212  at  w>iich  time  no  tranaf>oit  liad  taken 
place.  The  i.:xt  aur/ey  on  day  220,  following  a  small  flood  event, 
TiCaoUied  somL:  traii3,<ort,  but  none  of  the  radio-tagged  rocks  had  exited 
the  study  reach.  However,  by  the  next  survey  on  day  235,  also 
lollowiiig  a  nni.a}  1  flood  o^'orit,  one  unmonitored  rock  liad  left  the  study 
reach.  7'  eeaxaa  likely  that  the  tirae  of  exit  occurred  during  ttic 
srviall  fltod  evf:nt  or.  Uuys  232-234.  Tnc  exit  t.iroc  is  estinvated  to  be 
al  t)te  tictJj  oi  peck  flow,  day  233.5.  The  exit  times  tor  the  remaining 
unmonitored  rocks  occurred  duriny  the  large  flood  events  after  day 
and  wet<'  eatimr'tod  simply  «!j  mid  way  betwte.n  tl>e  surveys  date.s 
(Tabic  1)  . 

Two  or  t.he  radio-tagged  rocks  hatl  exited  the  study  teach  during 
iclativcly  low  flov  events  prior  to  day  238.  TJie  series  of  large 
tlood.'ii  L'^ginning  on  liny  238  was  bufticiont  tt'  transport  all  but  one  oi 
the-  res-.aining  radro-t.agged  rocks  through  the  study  reach.  The  one 
rock  Wiiitn  was  riOt  ttanspor-i  ert  out  of  the  study  reach  was  recovered  at 
the  ond  of  the  field  eeasen  in  the  Ice  of  a  large,  embedded  boulder. 

1 0  all  but  two  caar.s,  t).e  monitored  rocks  cx.itbd  the  study  reach  on 
the  rising  lirrd.-  or  uvai  the  peak  of  the  individual  flood  hydrograpli.-j  . 

The  exit  date  is  an  indlcAtion  of  tlie  tilt*;  reqft'ited  for  an 
individual  sediment  particle  to  travel  the  distance  of  tlie  study 
leacti,  and,  as  sucti,  can  )ue  used  to  address  tlifc  effect  ol  various 

l-H 


200  210  220  230  240  250  260  270 

JO LI AN  DAY 


Figure  5.  Discharge  hyarograph  showing  the  tirne  the  r-idio- 
tagged  rocks  exited  the  study  reach  {travel  distance 
362  m) .  Monitored  rocks  are  shown  on  the  hydrograph, 
urmionitored  rocks  are  shown  as  estimates  between  the  dates 
of  the  location  surveys. 

sediment  parameters  on  the  trartsport  time.  In  Figu.ve  6,  the  exit  date 
is  plotted  as  a  function  of  the  weight  of  the  sediment  particles 
(Table  1) .  There  is  some  scatter  in  the  data  and  no  clear 
relationship  between  weight  and  travel  time  is  apparent;  however,  lome 
trends  are  citscernible .  All  rock  weighing  less  thari  750  g  exited  the 
study  reach  by  day  242,  the  secon  large  flood  event.  The  lightest 
rock  (144  g)  was  the  first  to  lea’.  the  .itudy  reach,  and  the  other 
rock  lighter  than  200  g  may  also  have  exited  the  study  reach  before 
the  first  large  flood  event.  However,  the  only  of  he;  rock  known  to 
have  exited  the  study  reach  before  the  first  larga  f.'.ood  event  weighed 
802.1  g,  ajioost  midway  througl.  the  weight  range.  The  heaviest  rock 
(1793. 9  g)  did  not  exit  the  study  reach  (traveled  about  half  the 
length),  although  a  rock  of  nearly  the  same  weight  (1790.8  g)  exited 
the  study  reach  during  the  first  large  flood  event.  Rocks  of  weights 
between  750  and  1800  g  traveled  through  the  study  reach  with  an 
apparent  equal  likelihood  of  exiting  the  study  reach  by  a  given  date. 

In  addition  to  particle  weight,  a  number  of  other  sediment 
parameters  were  investigated  to  find  a  relation  between  travel  time 
and  the  material  Ibeing  transported.  Various  sire  and  shape  parameters 
(i.e.,  length,  flatness  zatlo,  volume  ratio)  were  :  nvt-st  igated .  Ml 
showed  considerable  scatter  except  for  specific  gravity  (Fig.  7, 
table  i) . 

The  two  rocks  known  to  have  exited  the  study  teach  before  day 
236,  the  start  of  the  very  large  floods,,  had  the  lowest  specific 
gravities  (Fig.  7)  .  :  t  is  a '  so  po.ssibie  that  the  ramarii  ng  rock.  wit)i 

a  specific  giavity  below  2.4  iday  have  ty;t«d  the  study  reach  belorc 
day  238.  Rocks  with  n  spot;!:  c  ijiavtty  above  2.7  ritqxlied  tire 
longest  time  to  exit,  tlie  st  uuy  leacti.  At  3|>eciflc  cti«:viti®3  between 
2.4  and  2.9  there  wa:  ati  app.Jt*-?.;  equal  likolihoud  that  a  lor)'.  woulu 
travel  the  lengi  li  of  ’he  study  ■  v  qiv^-n  date  at  the  very 

latge  flows  experience'!  n  1970. 
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6 .  7late  at  which  radio-tagged  rocks  exited  the 
study  reach  (treivel  distance  of  362  nO  versus  weight  of 
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rigure  1 .  Date  itt  which  radio-tagged  rocks  exited  the 
study  x-each  (travel  distance  of  362  xn)  ver.aus  the  sjH^cific 
gravity  of  Individual  p>article3 . 


The  installation  of  the  .-adio  transmitter  .in  the  sed-iaxent 
par^ticlsa  reduced  the  specitic  gravity  01  to  181,  depending  primdiily 
on  the  size  of  the  particle;  smaller  particles  wisre  affected  more, 
larger  particles  were  tiffected  less.  The  tnlnimum  natural  specific 
gravity  of  the  radio- tagged  rocks  was  2.47  No  attempt  vns  luade  ti 
correct  to  natural  spec.ific  gravity  duris.’g  thi.s  study.  Baoed  om  this 
l.\nu.ted  data  set,  it  *ippears  that  weights  of  the  radio- 1  sgged  rocK..9 
should  be  corrected  to  maintain  a  niinim'iJi.  specific  grcvlty  of  2.4  ioi 
this  particulax'  streffu..  As  a  general  rule  ol  th'jimb  iri  futurv  studies, 
weights  will  be  cocrecvecj  to  aiaintait;  the  ininiirum  ixHtural  sptcit.i.c. 
gravity  of  tho  watorial  in  the  study  atjuam. 

tuMivity 

Ihc:  use  of  imp  1  on  to  hi.  c  radio  transmittejs  and  an  autonur.t  i  data 
ition  oyston.  can  ptovido  sediment  tianr;port.  data  that  wan  not 
previously  avai.'.able.  iui  init.val  apilication  of  tlio  syaLfm  'a.j 
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demonstrated  that  a  record  of  the  rest  and  motion  of  coarse  seiiment 
can  be  acquired  and  related  to  sediment  and  hydraulic  parameters. 
Travel  distances  and  the  timing  of  transport  can  also  be  acquired. 
Application  of  the  techniques  described  in  this  paper  will  result  in  a 
unique  data  set,  that  should  be  beneficial  in  understanding  and 
modeling  coarse  sediment  tr.'vnsport  processes. 
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PROBLEMS  WITH  NUMERICAL  MOnET.TKTG  OF  GRAVEL-BED  RIVERS 


Ronald  R.  Copeland  and  William  A.  Thomas 
Waterways  Experiment  Station 


Setting  un  the  geometry 

Inherent  to  one-dimensional  numerical  models  are  the 
assuTiiptions  that  hydraulic  parameters  can  be  assigned  a 
chara.i-ceristic  average  value,  and  that  the  flow  is  gradually  varied 
so  that  the  equations  of  motion  can  be  applied  between  designated 
cross  “Gsctionr..  ?'hese  assumptions  are  more  severely  strained  in 
steep  gravel-bed  streams  than  in  larger,  more  uniform,  sand-bed 
streams.  As  a  result,  more  careful  attention  to  numerical  model 
input  must  be  exercised,  and  more  judgement  miist  be  applied  when 
interpreting  calculated  results. 

Gravel-bed  rivers  generally  are  shallow,  subject  to  braiding, 
and  may  have  independent  flow  in  /arious  parts  of  the  cross- 
section.  Using  average  velocity,  in  streams  witli  high  and  low 
velocity  cells,  sediment  transport  will  be  uj'.der  estimated, 
especially  at  lower  flows.  Figure  1  shows  typical  variability  in 
{.epth  and  differences  from  average  depth. 

Gravel-bed  riverr  are  characterized  by  wide  variations  in 
channel  width;  irricralar  bank.3;  and  frequent  variation  in  depths, 
incluain:j  riffle  and  pool  sequences  and  long  bed-forms  or  debris 
trains.  These  characteristics  may  produce  wide  variations  in  local 
ens,  gy  slooes  that  are  significantly  less  tfian  the  average  slope 
obLa:nscl  from  topo  maps.  Most  sedimeiit  transport  functions  ate 
very  sensitive  to  slope.  Grant,  swansou,  and  Wolmari,  (199U) 


reDor^Ec  ar  “rme  vari-abie  longitudinal  slopes  in  high-gradient 
sireaiu  i:  tiie  Oregot.  Cascades.  Slopes  in  pools  were  about  0.5 
ptircem.,  r:-ffles  between  0.5  and  1.5  percent,  increasing  to 
bt  ."ween  aoout  1.5  and  2.5  percent  in  rapids,  and  between  3  and  7 
pe  ~cem:  in  cascades,  and  up  to  40  percent  in  steps.  The  average 
Slopes  of  the  streams  were  between  2  and  4  percent.  Emmett, 
Myrick,  and  Meade  (1982)  collected  an  extensive  data  set  on  the 
East  Fork  River  in  Wyoming,  and  reported  significant  variation  in 
local  slopes  over  riffles  and  through  pools  (figure  2) . 

Cross-section  locations  for  a  numerical  model  must  be  selected 
carefully.  A  comprehensive  model  would  require  cross-sections 
wherever  channel  shape  changed.  This  would  include  every  riffle 
and  pool,  every  expansion  and  contraction,  and  at  every  significar 
change  in  longitudinal  slope.  Intermediate  cross-sections  would  be 
necessary  if  changes  in  energy  gradient  were  large  enough  to 
violate  the  assumption  of  gradually  varied  flow.  Special  care  must 
be  taJcen  to  insure  that  cross-sections  with  significant  two- 
dimensional  flow  patterns  are  either  modified  or  not  included  in 
the  model.  This  would  include  sections  where  eddies  develop  or  that 
include  "dead-water”  areas.  Such  a  comprehensive  model  could 
require  many  cross-sections  with  very  short  distances  between 
sections.  Short  distances  must  be  coupled  witli  short  time  steps  in 
thfj  numerical  model.  The  ability  to  construct  such  a  comprehensive 
numerical  model  would  require  that  the  hydraulic  engineer  be 
involved  in  the  initial  laying  out  of  survey  sections. 

An  alternative  to  the  compreJiensive  nvunerical  model  is  a  model 
of  selected  cross-sections.  Ideally  these  should  be  located  at 
•'average”  channel  sections,  such  as  a  crossing  or  riffle.  However, 
the  hydraulic  engineer  frequently  must  use  available  cross- 
sections,  the  locations  of  which  were  selected  by  others,  based 
typically  on  a  pre-established  distance  and  accessibility.  In  this 
case,  tlie  assigned  roughness  coefficients  in  the  numerical  model 
must  account  for  the  irregularities  in  tiii  channel  between  selected 
croBB-cections.  Roughness  coelf icients  in  the  model  may  vary 


significantly  between  cross-sections  anu  with  discharge. 
Adjustment  of  roughness  coefficients  must  oe  basea  on  measujred  aata 
from  a  know  high-water  event. 

Assigning  Input  Variable-^ 

Boundary  roughness  is  difficult  to  assigr*  in  gravel-bed  rivers 
due  to  the  many  factors  that  influence  the  Manning's  roughness 
coefficient.  These  include  expanding  and  contracting  flow,  both 
vertically  and  laterally;  bank  roughness;  grain  roughness;  bed  form 
roughness;  obstructions  such  as  large  boulders  or  fallen  trees;  and 
sinuosity.  Estimating  roughness  from  gra.Ln  -ouqnness  t.lone  is 
risky.  Bray  (1982),  using  67  gravel  bed  streams  in  ixlnerta, 
indicated  that  predicting  n  on  basis  of  bed  larticie  size  wi^re 
about  50%  too  low.  Roughness  coefficients  for  a  gravel  in  a 

concrete  channel  in  Corte  Madera,  California  hac  to  bt  increasec  60 
percent  to  account  for  form  losses  and  sinuc  sity  tCopelanc  and 
Thomas  1989)  . 

Onsite  surveys  and  75  measurements  of  d.-.s:nargt  were  made  on 
21  high- gradient  streams  (slopes  greater  tui.  n  0.C3I  f-^:/ft;  as 

reported  by  Jarrett  (1984)  .  The  results  Wi.re  reai::c-£C  tc  the 
following  equation: 


where  £  =  friction  slope 

R  =  hydraulic  radius 


1) 


Notice  the  absence  of  particle  diameter ,  or  ary  r.  thEir  ph/e.-caj. 
measure  of  roughness,  in  this  equation.  Tht  resu-tinq  -‘-values  a  e 
substantially  larger  than  one  would  qer.  with  Lime: ■  Inc's  ‘  s  equa  ii  :n 
or  Keulegan's  equations. 


ar.ior:  ..6  iliic 


Definition  c 


an  average  bee  mater  -c. 


read. 


difficult  in  a  gravel~bed  stream.  Bed  gradation  may  vary 
significantly  in  the  lateral,  longitudinal,  and  verti.cal 
directions.  The  bed  of  a  gravel  river  may  have  several  distinct 
layers  (figure  3) ,  A  subsurface  layer  of  relatively  well  mixed 
material  is  frequently  overlain  by  a  thin,  but  coarser  cover  layer. 
This  layer  typically  has  a  thickness  equal  to  the  d^o  of  the 
subsurface  layer.  Frequently,  a  discontinuous  throughput  layer  of 
finer  gravel  is  found  on  top  of  the  cover  layer.  Material  in  the 
throughput  layer  is  similar  to  wash  load,  in  that  its  primary 
source  is  upstream  supply  and/or  bank  erosion.  But  a  significant 
portion  oi  throughput  is  composed  of  material  found  in  the  bed  and 
it  may  move  as  bedload.  At  low  flow,  throughput  may  be  the  only 
sediment  material  moving  in  the  stream.  Under  these  conditions, 
the  availability  of  throughput  for  transport  is  limited  by  the 
coarse  cover  layer  beneath  and  the  percent  of  the  bed  covered  by 
throughput . 

Numerical  models,  that  are  primarily  concerned  with  simulation 
o:  flood  events,  should  use  the  gradation  of  the  sublayer  material 
at  input  for  the  model.  It  is  important  to  include  the  maximum 
sjze  that  occurs  in  the  cover  layer,  in  order  to  allow  the  model's 
armoring  algorithm  to  properly  simulate  hydraulic  sorting.  This 
can  be  accomplished  by  taking  a  relatively  deep  (20d„TO)  sample 
which  includes  the  armor  layer  itself.  The  sample  size  should  be 
large  enough  so  that  the  maximum  diameter  particle  comprises  less 
than  1  percent  of  the  total  sample. 

In  some  cases,  lateral  variation  in  bed  material  gradation  may 
so  significant  that  average  hydraulic  parameters  may  not  be 
appropriate.  Hudson  (1983)  reported  data  in  the  Elbow  River  in 
Alberta  that  demonstrated  significant  sediment  transport  on  a  bar, 
but  no  movement  in  the  deeper  portion  of  the  channel  (figure  4) . 
This  war  attributed  to  a  much  finer  bed  material  present  on  the 
tar . 
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Sediment  inflow  data  is  frequently  unavailable  at  the  upstream 
end  of  the  study  reach.  Even  when  data  is  available,  it  is  usually 
inadequate  to  define  the  inflow  for  each  size  class  and  for  the 
total  range  of  discharges.  Bedload  moves  in  waves,  even  with 
steady  flow  (figure  5)  ,  so  that  a  large  number  of  samples  is 
required  to  establish  average  inflow.  Generally,  the  best  that  we 
can  do  is  to  assume  equilibrium  transport  at  the  upstream  boundary 
and  calculate  sediment  inflow  to  the  numerical  model.  If 
historical  bed  change  data  is  available,  it  can  be  used  to  adjust 
sediment  inflow. 


Sediment  Transport  Function 

Probably  the  most  difficult  problem  in  modelling  gravel-bed 
streams  is  the  lack  of  a  generally  applicable  sediment  transport 
function.  All  of  currently  used  sediment  transp^^rt  functions  are 
based  on  equilibrium  transport  conditions,  which  assumes  all  gravel 
particles  are  equally  mobile,  and  average  hydraulic  parameters. 
These  equations  do  not  apply  to  calculations  for  throughput  or  when 
a  cover  layer  exists.  Data  used  in  their  development  came  from 
regular  cross-sections  and/or  flumes. 


Most  gravel-bed  functions  include  the  notion  of  a  critical 
shear  stress  that  defines  the  beginning  of  motion.  Shields  (ASCE 
1975)  did  the  classical  work  establishing  a  relationship  between 
grain  Reynold's  n\imber  and  a  dimensionaless  critical  shear 
parameter . 


f{R,) 


K  = 


(2) 


Where; is  critical  shear  stress, 7,  is  specific  weight  of  sediment, 
7  is  specific  weight  of  water,  U.  is  shear  velocity,  and  u  is 
kinematic  viscosity.  The  function  has  a  constant  value  when  R.  is 


greater  than  300.  Sheilds  used  uniform  bed  material,  measured 
sediment  transport  at  decreasing  levels  of  bed  shear  stress,  and 
determined  the  point  of  critical  shear  stress  by  extrapolation  to 
zero  transport.  One  problem  with  this  approach  was  that  bed  forms 
developed  with  sediment  transport.  A  portion  of  the  total  shear 
stress  was  therefore  required  to  overcome  the  form  roughness  and 
the  calculated  critical  shear  stress  for  grain  movement  was  too 
high.  Gessler  (1971)  reanalyzed  Shield's  data  so  that  the  critical 
Shields  parameter  represented  only  the  grain  shear  stress 
(figure  6) . 

Some  investigators  propose  that  the  critical  shear  stress  for 
cessation  of  motion  is  significantly  less  than  for  initiation  of 
motion.  This  is  not  accounted  for  in  sediment  transport  equations 
and  may  result  in  underestimating  transport  at  lower  intensity 
flows.  (Note;  This  notion  seems  to  violate  Einstein's  (1950) 
observation  that  in  the  equilibriiim  case  there  are  as  many  sediment 
particles  depositing  as  there  are  being  eroded  and  transported 
away . ) 

Critical  shear  stress  is  defined  as  a  function  of  the  critical 
Shield's  parameter,  6^. 
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Keyer-Peter  Muller  (1948)  and  Gessler  (1971)  determined  that  the 
critical  Sheilds'  parameter  for  a  sediment  mixture  of  gravels  was 
0.047.  Neill  (1968)  determined,  from  his  data,  that  in  gravel 
mixtxireSf  most  of  the  particles  become  mobile  when  Gy)  =  0.030. 
Andrews  (1983)  found  a  slight  difference  in  critical  shear  stresses 
in  a  mixture  and  presented  the  following  equations: 
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Where  the  i  subscript  indicates  the  parameters  value  for  size  cl^ss 
i,  and  is  the  median  diameter  of  the  subsurface  material.  The 
minimum  value  for  C;  was  found  to  be  0.020.  According  to  Andrews, 
the  critical  shear  stress  for  individual  particles  has  a  very  small 
range,  and  therefore  the  entire  bed  becomes  mobilized  at  the  same 
shear  stress. 


The  Shield's  parameter  not  only  varies  with  size  class,  but 
also  varies  with  the  intensity  of  the  flow.  Paintal  (1971) 
measured  bed  load  transport  in  his  flume  at  shear  stresses  well 
below  generally  accepted  critical  values,  as  shown  in  figure  7. 

Experimental  data  demonstrates  the  problems  that  may  he 
encountered  when  using  a  sediment  transport  equation  with  the 
critical  shear  stress  as  a  parameter.  This  can  especially  be 
significant  when  the  shear  stress  flow  is  only  slightly  greater  or 
less  than  "critical",  or  when  the  bed  material  gradation  is  well 
graded  or  bimodal. 

A  commonly  used  critical  shear  stress  equation  for  gravel-bed 
streams  is  the  Heyer-Peter  Muller  (1948)  function.  This  function 
was  developed  from  flume  data  with  graded  material  ranging  in  size 
between  0.4  mm  and  28  mm. 


0.25 


yRS-  0.047  (y ,'Y)  d„ 


(5) 


where:  is  the  bedload  discharge  per  unit  width  of  channel,  g  is 

the  acceleration  of  gravity,  k  is  the  reciprocal  of  Manning's 


5-7 


coefficient,  k'is  the  reciprocal  of  Manning's  coefficient 
attributed  to  grain  roughness,  R  is  the  hydraulic  radius,  S  is  the 
average  energy  slope,  ~  Z  p^dj,  Pj  is  the  percentage  of  size 

class  i  in  the  bed,  and  d;  is  the  mean  size  of  size  clans  i. 

Regression  equations  for  sediment  transport  are  limited  by  the 
data  bane  from  which  they  were  developed.  One  such  equation  was 
developed  by  Yang  (1984). 

logc  =  6.681  -  0.6  33  log—  -4. 816  log  — 

V  w 

2. 7  84 -0.3  05  log—  -  0.282  log-—)  log 

V  J 


vs 

(i)  (0  , 


where;  C  is  the  sediment  concentration,  to  is  the  fall  velocity,  d 
is  the  grain  diameter,  V  is  the  flow  velocity,  and  V„  is  the 
critical  flow  velocity  defined  by  equation  7. 


Its  data  base  was  limited  to  uniform  gx'avel  sizes  between  2.5  and 
7  mm.  Note  that  no  allowance  is  made  for  reduction  in  the  applied 
shear  stress  due  to  bed  forms.  This  function  has  the  unique 
characteristic  of  increasing  transport  with  increasing  grain  size, 

Einstein's  (1950)  bedload  function  is  not  dependant  on 
critical  shear  stress  or  critical  velocity.  Instead  it  is  a 
probabili.stic  approach . 
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where:  is  the  the  bedload  intensity  parapjeter,  is  the  flow 
intei'isity  parartecer,  gj,;  is  the  sediment  transport  per  unit  width, 
Pi  is  the  percentage  of  size  class  i  in  the  bed,  ^i  is  the  hiding 
factor,  Y  is  the  lift  coefficient,  and  A  is  the  characteristic 
grain  size  for  the  mixture.  Thc-i  relationship  between  4.  and  is 
determined  from  empirical  data  (^igur^2  8)  .  Adjustments  to  the  lift 
coefficient  due  to  a  mixture  are  accounted  for  by  Y.  Hiding  of  the 
smaller  particles  in  a  ruixtu:;'©  is  accounted  for  by  the  hiding 
factor  fj.  This  parameter  is  very  sensitive  to  the  characteristic 
of  the  mixture  and  several  investigators  have  revised  Einstein’s 
original  hiding  function  in  order  to  match  theix'  particular  data 
sets  (figure  9  Shen  and  Lu  1983). 

Even  after  all  these  years  of  investigation,  there  is  still  no 
•’best”  equation  for  sediment  transport,  Although  there  currently 
is  no  alternative,  there  remains  a  great  deal  of  uncertainty  with 
respect  to  extrapolating  existing  equations  into  the  gravel/ cobble 
bed  particle  sizes  and  mixtures. 

The  Eft'j^ct  of  Armcrinq 


Many  natur-al  gravel'-faed  :  ivers  possess  a  coarse  surface  layer 
similar  to  the  armor  layers  that  develop  downstream  from  dams. 
However,  the  winnowing  p3:ocess  associated  with  immobile  armor  doeo 
not  appear  to  be  a  reasonable  explanation  of  the  process  occurring 
in  a  natural  stream  in  equilibrium,  fiiihous  (1973)  collected  datra 
on  Oak  Creek,  a  small  gravel-bed  stream  in  Oregon.  Bed  shear 
stresses  on  this  creek  rarely  exceeded  the  critical  shear  stress  by 
a  factor  of  more  than  2  or  3  .  He  foui\d  a  coarse  sur  face  layer  with. 


a  median  c  -^in  size  about  twice  that  of  the  subsurface  material . 
Dedload  :.-easurements  with  a  vortex-tube  extractor  indicated 
movement  of  all  the  size  classes  present  in  the  subsurface  layer 
and  a  bedload  gradation  similar  to  the  gradation  of  the  subsurface 
layer 


The  concept  of  a  mobile  coarse  surface  layer,  that  exists  even 
at  high  flov/,  and  which  serves  as  a  sediment  transport  regiilator  by 
ei^posing  proportionally  more  coarse  grains  to  the  flow,  has  been 
called  the  equal  mobility  hypothesis  (Parker  and  Klingeman  1982) 
The  concept  is  applicable  to  bedload  transport  streams  where  the 
bed  fhear  stresses  do  not  exceed  the  critical  bed  shear  stresses  by 
3'’ore  v.han  a  factor  of  2  or  3.  Parker  and  Klingeman  deduced  that 
the  grains  in  the  coarse-surface  layer  of  a  gravel-bed  river  move 
continuer sly,  but  sporadically.  The  coarser  material  on  the 
surface  serves  to  shield  the  finer  material  below  the  surface  so 
that  the  probability  of  entrainment  of  fine  material  is  decreased. 
In  addition,  the  greater  exposure  of  the  coarsest  sizes  results  in 
great'.-.r  poti..  -.iai  for  their  transport.  As  a  result,  the  gradation 
of  the  nubsurfaca  material  is  essentially  equal  to  the  gradation  of 
ihe  bed load.  The  equal  mobility  concept  has  been  compared  to  the 
hiding  concept  proposed  by  Einstein  (Andrews  and  Parker  1987) . 

Jain  (1990)  tied  together  the  armoring  process  downstream  from 
dams  and  the  equal  mobility  ideas  using  conceptual  experiments.  He 
first  viewed  the  relationship  of  sediment  discharge  (bedload)  and 
increar^ing  shear  stress  with  time  (figure  10)  .  As  shear  stress 
increases  the  bed  initially  coarsens  as  immobile  particles  are  lef c 
on  the  surface  as  armor.  Bedload  discharge  is  highest  at  time  zero 
ana  decreases  until  only  immobile  particles  are  left  on  the  bed  and 
transport  ceases.  With  increasing  shear  stress,  a  point  is  reached 
where  all  particles  are  mobile,  but  only  sporadically.  Once  this 
condition  is  reached,  the  bea  becomes  less  coarse  because  critical 
shear  stress  has  been  exceeded  for  all  particles.  Eventually,  the 
shear  stress  is  large  enough  to  completely  destroy  the  coarse 
sux'face  layer  and  the  surface  has  the  same  gradation  as  the  parent 
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bed  matex'ial. 


Kuhnle  (1989)  conducted  flume  studies  at  the  Agricultural 
Research  Service  Laboratory  in  Oxford,  Mississippi,  to  determine 
the  applicability  of  the  equal  mobility  concept  at  high  shear 
stresses.  He  demonstrated  that  a  flume  with  a  gravel  bed  could 
have  the  characteristics  of  a  sand-bed  stream.  His  flume  was  a 
sediment  feed  flume.  He  found  samples  of  the  bed  surface  that 
developed  in  his  flume  were  actually  finer  than  the  original  bed 
sediment,  this  means  that  the  bed  composition  was  determined  by  the 
sediment  feed.  Bed  forms,  about  2-4  mm  high  and  1-3  m  long,  were 
observed  in  the  flxime  and  were  composed  predominantly  of  2-4  mm 
grains.  Larger  material  (8-32  mm)  was  transported  at  high 
velocities  over  the  bedforms.  Test  results  demonstrated  that  the 
mobile-bed  armor  layer  in  a  laboratory  flume  gradually  disappeared 
as  the  effective  shear  stress  was  increased,  while  the  size 
distribution  of  the  transported  sediment  was  the  same  in  all  runs. 
This  corroborates  the  prediction  of  Parker  that  at  high  bedload 
transport  rates  the  mobility  difference  of  coarse  and  fine  grain 
sizes  in  a  gravel  sediment  mixture  disappears  and  a  coarse  armor 
layer  is  no  longer  required  for  equilibrium  transport  of  all  sizes. 

Conclusions 

Sediment  transport  capacity  varies  laterally  across  tlie 
channel  and  thus  the  assumption  of  average  hydraulic  parameters  in 
a  one-dimensional  numerical  model  may  result  in  an  underestimation 
of  sediment  transport. 

Due  to  irregularities  in  channel  geometry,  a  large  number  of 
cross-secrions  are  required  for  an  accurate  numerical  model.  7ui 
alternative  approach  is  to  use  fewer  cross-.sections  and  adjust  tlic 
nuiiierical  model  using  roughness  coefficients. 

Roughness  coefficients  must  account  for  losses  due  to  channel 
irregularities,  bank  roughness,  form  roughness,  obstructions,  and 


sinuosity,  in  addition  to  the  grain  roughness. 


For  numerical  simulation  of  flood  events,  the  gradation  of  the 
Bubsuiface  layer  is  most  appropriate  for  input  to  the  numerical 
model. 


Care  must  be  taken  to  consider  lateral  variations  in  bed 
material  gradation,  that  may  make  the  use  of  an  •’average'*  gradation 
inappropriate . 

Sediment  inflow  to  the  n\xmerical  model  will  usually  have  to  be 
calculated. 

There  is  no  generally  applicable  sediment  transport  function 
for  gravel-bed  rivers,  Part  of  the  problem  is  the  inability  to 
define  the  critical  shear  stress  based  on  "average"  hydraulic 
condit.'ons,  or  in  a  mixture.  Another  problem  is  the  definition  of 
the  percentage  of  a  size  class  invol%'ed  in  exchange  with  the  water 
column.  0?hi6  is  complicated  by  the  forroation  of  a,  coarse  surface 
layer  or  a  discontinuous  throughput  layer. 

In  spite  of  these  nuiue/ous  problems,  successful  numerical 
model  studies  of  gravel-bed  streams  have  oeen  conducted.  However, 
it  is  important  to  recognize  the  limit.ations  of  the  numerical  model 
with  respect  to  the  natural  alluvial  processes,  and  to  verify  the 
numerical  model  performance  for  each  rstudy. 
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Figure  5.  Temporal  records  of  bedload -transport  rates  with  6.5 
bed  material.  (Hubbell  et  al  1987) 


Figure  6.  Shield's  diagram.  (Gessler  1971) 


Figure  9.  Hiding  factor  of  sediment  particles  in  mixture 
predicting  bed  armoring  layer  only.  (Shen  and  Lu  ''983) 
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Vsrtction  of  ErodwHyiitorlal  Dtcetwrg*  during  SuriMo^yor  Formation 
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Figure  10.  Jain's  (1990)  Concept  of  Armor  Layer  Development  and 
Disintegration . 
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BEO  LOiU3  ROUGHNESS  IN  SUPERCRITICAL  FLOW 

by 

Scott  E.  Stonestreet',  Ronald  R.  Copeland^,  Darlc  C.  McVan^ 


INTRODUCTION 

The  US  Army  Engineer  District,  Loe  Ariijeles,  has  proposed  to  improve  the 
lower  reach  of  Mission  Creek  (US  Army  Engineer  District,  Loe  Angeles,  1986), 
located  in  Santa  Barbara  County,  California.  A  rectangular  concrete  channel  han 
been  designed  to  convey  the  100-year  peak  flow  of  790j  cfa  at  supercritical  flow.. 

The  Mission  Creek  watershed  is  capable  of  supplying  large-sized  materia) 
for  sediment  transport.  Since  a  debris  basin  is  not  included  as  part  of  tht 
project,  there  is  a  possibility  that  boulders,  with  diameters  up  to  305  mm,  nay 
enter  the  channel.  This  material,  moving  as  bed  load  along  the  channel  bottom, 
could  increase  the  hydraulic  roughness  to  the  point  where  the  flow  regime  may 
change  from  supercritical  to  subcritical  flow. 

Flume  and  numerical  model  investigations  have  been  conducted  to  evaluate 
the  effect  of  bedload  transport  on  hydraulic  roughness,  and  the  cliaracteristics 
of  the  bed-load  transport  itself.  The  flume  study  was  conducted  at  the  US  Array 
Engineer  Waterways  Experiment  Station  (WES).  In  conjunction  with  the  flume 
study,  a  numerical  sedimentation  model  study  was  conducted  by  the  US  Army 
Engineer  District,  Los  Angeles. 


DESCRIPTION  OF  STUDY  JiREA 

The  Mission  Creek  watershed  comprises  about  11.5  square  miles  and  is 
located  in  a  narrow  coastal  area  which  extends  from  the  Santa  Vnez  mountains  on 
the  north  to  the  Pacific  Ocean  on  the  South.  Mission  Creek  rises  about  3750  feet 
in  elevation  and  flows  about  8  miles  to  empty  into  the  Pacific  Ocean.  At 
approximately  the  500  foot  elevation,  the  creek  is  joined  by  its  main  t.ributary, 
Rattlesnake  Creek.  In  the  headwater  areas,  stream  gradients  are  as  steep  as  2600 
feet  per  mile  and  average  1000  feet  per  mile.  In  the  lower  reaches,  on  the 
alluvial  plain  below  the  foothills,  average  slopes  are  about  150  leet  per  mile. 
A  profile  of  Missron  and  Rattlesnake  Creeks  is  shev'n  on  Figure  1. 

In  1964,  the  Los  Angeles  District  constructed  two  small  debris  basins  i.r. 
the  upper  ^reaches  of  Mission  and  Rattlesnake  Creeks  as  ,..n  emergency  measure  to 
reduce  flooding.  The  location  of  these  basins  is  shown  on  Figure  1.  These 
basins  are  relatively  small  and  do  not  provide  significant  protection  to  the 
proposed  project  reach.  Additionally,  the  basins  are  separated  from  the  project 
reach  by  about  four  miles  of  natural  channel. 

Two  sections  of  Mission  Creek  were  improved  with  concrete-),  i’^ed, 
supercritical  trapezoidal  channels  by  the  state  transportation  agency  in  1934  and 
1964  (see  Figure  1).  To  date,  the  existing  chennels  have  functioned 
satisfactorily  without  significant  maintenance  requirements. 
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Figure  1.  Thalv/eg  profile  of  Mission  and  Rattlesnake  Creeks 


The  Corps'  proposed  concrete  channel  will  adjoin  the  existing  downstream 
concrete  channel  and  will  convey  flows  1.1  miles  to  the  Pacific  Ocean.  The 
right-of-way  along  the  channel  alignment  is  minimal  which  necessitated  use  of  the 
supercritical  rectangular  channel. 


GRADATION  ANA]jYSIS 

Sedinient  samplee  were  collected  along  the  creek  and  a  gradation  arialyGis 
wao  performed  to  determine  the  grain  size  distribution  and  thti  maximum  particle 
size.  Along  the  channel,  a  backhoe  was  utilized  to  collect  the  sediment  eaiaplcB 
since  the  bed  material  cc  aisted  primarily  of  boulders  and  cobbles.  At  the 
beach,  a  crane  fitted  with  a  clfimuhell  bucket  was  used  to  collect  samples  due  to 
wet  conditions  at  th”  site.  The  sediment  gradation  for  Mission  Creek  is  shown 
on  Figure  2.  The  ma;.imum  grain  size  of  the  bed  material  collected  was  about  305 
iTim  with  an  tiverage  djo  of  about  50  mm. 

Additional  sediment  data  was  provided  by  a  debris  deposition  study 
performed  tor  the  Los  Angeles  District  (Simons,  .1984).  Gradations  at  several 
locationo  along  the  upix:!.  reaches  of  Kiosion  Creek,  well  upstream  of  the  project 
reach,  were  provided.  This  gradation  analysis  used  the  pebble-count  method  and 
reeulteo  in  a  maximum  sediment  size  in  the  4  to  8  foot  range  and  a  d,o 
approximately  10  inches  (254  mm).  As  expected,  the  maximum  and  average  sediment 
sizes  generally  decrease  it  the  downstream  direction. 


INFLOWING  LO/iD 

General  Approach.  The  amount  of  sediment  inflowing  to  the  proposed  channel 
was  estimated  by  routing  a  100-year  balanced  hydrograph  through  tfie  natural 
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Figur«3  2.  Gradation  of  bsc-material 


channel  upetream  of  the  project  reach.  The  ncdimont  routing  was  performed  with 
a  special  version  of  TABS-1  (i.e.  HEC-6),  a  one-dimenaionaL  numerical  model 
developed  at  WES,  which  allows  for  transport  of  individual  grain  Bires  larger 
than  64  mm  along  with  eand  and  gravel  eiree.  Equilibrium  transport  wao  asaunied 
at  the  upatrcao  boundary  of  a  1.8-milc  study  reach  (eec  Figure  1). 

In  this  anulyaia,  it  is  expected  that  the  bed-load  material  will  consiet 
primarily  of  gravel,  cobbles,  and  boulders.  Sand  and  silt  sized  material  should 
be  carried  as  sueiJonded-load  given  the  high  velocities  of  the  relatively  Bteep 
etream  eystem. 

Throughout  the  sediment  eupply  reach,  several  constrictive  bridgee  exist 
in  the  prototype.  In  reality,  theee  bridges  will  obstruct  flow  and  trap 
significant  amounts  of  aediment  and  floating  debris  reducing  the  amount  of 
sediment  which  entere  the  project  reach.  Howe^’Br,  as  a  conservative  moaoure,  the 
effect  of  these  bridges  v^as  not  Included  in  tae  numerical  model.. 

Hydrology.  A  SO-.hour  balanced  hydrograph  wan  modeled  as  a  hlstograph  with 
a  peak  diecharge  of  6700  of  a.  An  additionel  1200  efe  is  generated  in  the 
urbanized  area  downstream  of  the  eedlment  supply  reach  and  was  not  included  in 
this  model.  A  constant  time  step  of  five  minutes  was  used  throughout  the 
Blmulatlon. 

Sensitivity  Analysis.  A  sensitivity  analyslE  was  conducted  since  prototype 
data  did  not  exist  for  model  adjustment.  The  iienEiitivity  analysis  corsisted  of 
testing  various  eediment  transport  functions  and  then  varying  the  Inflowing 
sediment  lotd  for  each  function.  The  transpoit  functions  Included  Yang's  unit 
stream  powcx’,  a  combinat.Lon  of  the  Toffalet  I  and  Schoklltsch  functions,  a 
combination  of  the  Toffaleti  and  Meyer-Peter  end  Muller  functions,  and  the  Meyer- 
Peter  and  Muller  function  by  itself.  Tiie  it. flowing  sediment  load  ratio  was 
halved  and  doubled  at  the  upstream  end  of  the  numerical  model  during  the 
simulations  to  account  for  uncertainty  in  the  inflow  load. 

Ksh’ultn.  ReBults  for  the  tiediment  routing  for  the  peak  discharge  are  shown 
in  Table  1  and  indicate  that  the  concentrationn  flowing  into  the  concrete  channel 
may  vary  botvjcer*  1460  and  17,900  ppm  for  the  total  load,  in  which  the  bedload 
{gravel  and/cr  boulder)  concentrations  vary  from  61  to  1030  ppm.  Tlieue  results 
are  for  an  inflow  sediment  load  ratio  of  1.0.  Additionally,  it  appears  that  the 


Table  1.  Total  and  bedload  concentrations  at  peak  discharge 
for  different  transport  functions 


Transport 

Function 

Total 

Load 

(t/d) 

Total 

concent rat ion 
(PPni) 

Bedload 

Load 

(t/d) 

Bedload 

Concentratic- 

(P'^h 

Yang 

323,700 

17,900 

1100 

61 

Tof f-Schoklitsch 

248,800 

13,800 

10,500 

580 

Toff-MPM 

160,600 

8880 

18,600 

1030 

MPM 

26,300 

1450 

17,200 

950 

combination  of.  the  Toffaleti  and  Meyer-Peter  and  Muller  tranepord:  functiona  gives 
the  highest  or  most  conservative  bedload  concentration. 

As  expected,  variation  in  the  sedment  load  ratio  produces  slightly 
different  results.  For  example,  using  the  Toffaleti  and  Meyer-Peter  and  Muller 
combination,  an  inflov;  load  ratio  of  0.5  gives  a  bedload  concentration  of  about 
1000  ppjn;  whereas,  an  inflow  load  ratio  of  2  produces  a  bedload  concentration  of 
about  1300  ppm. 


PCmPOSE  OF  TriiC  FI.UME  STUDY 

As  early  as  1946,  Vanoni  (1946)  demonstrated  that  suspended  Rond,  at 
concentrations  between  1200  and  3300  ppm,  caused  a  reduction  of  up  to  3.0  percent 
in  effective  bed  roughness  over  a  flat  bed.  It  h&e  also  been  demonstrated  by 
many  invectigators  that  both  sand  and  gravel  bed  forms  moving  along  the  bottom 
of  a  flume  or  river  at  a  velocity  much  slower  than  the  flow  can  significantly 
increase  effective  roughness.  It  rs  anticipated  that  flow  energy  in  Mission 
Creek  wil3.  be  sufficient  to  prevent  the  establishment  of  bed  forms  at  expected 
rates  of  bed-load  transport.  However,  it  is  expected  that  bed  load  moving  along 
the  bed  of  the  channel  at  a  velocity  slightly  less  than  the  velocity  of  the  water 
will  introduce  some  drag  and  will  therefore  t>.'nd  to  increase  the  effective 
hydraulic  rougliness.  The  purpose  of  the  flume  study  was  to  quantify  this 
increase  and  to  determine  at  v/hat  concentration  bed  forms  begin  to  appear. 


FLUME  STUDIES 

The  tilting  steeJ.  flume  used  in  this  study  is  about  80  feet  long  and  3  feet 
wide.  The  flume  tests  were  conducted  using  steady  uniform  flow,  and  were 
dcsi^red  to  model  the  prototype's  minJonum  Froude  number,  slope,  and  velocity  at 
the  tiood  peak.  This  was  accomplished  using  a  model  scale  of  1:32.1  based  on 
Freudian  criteria.  Sediment  was  introduced  into  the  flume  by  a  constant  feed 
eediment  r'Opi)er.  The  motor-operated  elevator  hopper  has  a  capacity  of  22  cu  ft 
and  allows  for  tests  of  about  45  minutes.  Before  each  test,  r.ediraent  was  placed 
in  the  horper  and  a  vibrating  rod  was  used  to  consolidate  the  material.  The 
sediment  was  leveled  with  the  bottom  of  the  flume  bed  and  then  lowered 
approximately  5  inches  below  the  flume  bed.  Flow  was  then  introduced  into  the 
flume  and  initial  water  levels  measured  v/ithout  sediment  transport.  The  hopper 
elevation  rate  was  set  to  achieve  specified  concentrations.  As  the  hopper  rose, 
eedimant  was  introduced  into  the  flow  and  eventually  a  constant  feed  rate  was 
achieved. 

Water  depths  in  the  flume  were  measured  in  five  stilling  wells.  The 
purpose  of  the  stilling  wells  was  to  eliminate  the  difficulty  in  doterrnining 
average  depth  with  the  ^/aves  that  are  characteristic  of  rapid  flow.  The  flov; 
exited  the  1  .ume  in  free  flew. 


RcmahnesB  CoefticientB .  The  Manning's  roughness  coefficient  was  dotemitned 
by  the  aiope-acea  method,  using  the  known  discharge,  friction  slope,  and  the 
hydraulic  properties  of  the  flume.  The  Manning's  n-value  of  the  flume  wris 
determined  to  be  about  0.009  based  on  dear-water  flows.  The  Manning's  n-value 
cf  the  prototype  concrete-lined  channel  was  assumed  to  be  0.014  v;ith  dear-water 
flows  (neglecting  side-wall  effects) . 

Scaling  of  the  increase  in  hydraulic  roughness  between  the  flunie  and  the 
prototype  was  baaed  on  the  following.  The  total  hydraulic  roughness  car.  be 
expressed  as: 


where 

n,^  total  roughness  due  to  bed  and  bedload  roughness, 

=  roughness  due  to  the  bed  of  the  channel,  and 
Hbodioid  =  roughness  due  to  bedload  movement. 

Solving  for  the  roughness  due  to  bedload  movement,  the  above  equation  can  be 
written; 


^iMddotid  ^tofl  ~^b*d 


The  model  ratio  of  1:32.1  is  used  to  convert  the  from  tne  flume  to  the 

prototype  as  follows: 


n 


z 


_ 1 _ 

1.7  83 


or 


-  1.7  83;7_ 


where 

n,  -■  model  ratio  for  Manning's  n-value  =  n„,/np, 

Hj,  =  n-value  of  prototype, 

=  n-value  of  model,  and 

L,  =  model  ratio  (equals  1  model  to  32.1  prototype  for  this  study). 

Hence,  the  total  hydraulic  roughness  neglecting  Bidev;all  effects  and  including 
bedload  movement  in  the  prototype  is: 
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~  0. 014+1. 783n 


Flume  ResuXtu.  The  tests  were  conducted  using  two  uniform  grain  sizes  and 
a  gradation  that  simulates  the  gravel  portion  of  the  creek  bed.  The  uniform 
grain  sizes  simulate  the  prototype  d^  (108  mm,  a  =  1.4)  and  the  large  boulders 
found  in  the  armor  layer  upstrecun  from  the  proposed  project,  dj,„,  (216  mm,  a  = 
1.4)  .  The  concentrations  ranged  up  to  5000  ppm,  which  was  considered 
sufficiently  high  to  simulate  the  gravel  bed  load  in  Misoion  Creek.  Actual 
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prototype  gravel  bedload  concentratione  were  determined  by  the  numerical  model 
study . 


Results  from  the  flume  tests  are  still  preliminary  in  nature  and  are  shown 

in  Table  2  and  Figure  3.  Teats  for  the  d _ material  were  conducted  with 

'r-^ncentr ationo  varying  from  200  to  SOOO  ppm.  The  gravel  bed  material  was 
obSoJf'ed  to  move  down  the  flume  in  bouncing  or  rolling  motions  at  velocities 
slightly  less  than  the  water.  Between  200  and  800  ppm,  there  was  a  minor 
increase  in  roughnese  from  1.4  to  5.7  percent.  Between  1600  and  3000  pptn,  the 
Manning's  roughness  coefficient  increased  from  8.6  to  about  16,4  percent.  And 
at  3250  ppm,  the  flume  tests  indicated  that  the  flow  regime  becomes  unstable  and 
bed  forms  began  to  develop. 

Tests  for  the  d*4  material  were  conducted  with  concentrations  varying  from 
200  to  3000  ppm.  Similar  to  above,  the  gravel  bed  material  moved  down  the  flume 
in  bouncing  or  rolling  motions  at  velocities  slightly  less  than  the  water. 
Between  200  and  800  ppm,  there  was  a  minor  increase  in  roughness  from  1.4  to  6.4 
percent.  Between  1600  and  3000  ppm,  the  Manning's  roughness  coefficient 
increased  from  8.6  to  about  16.4  percent.  For  the  d»4  material,  the  flov'/  regime 
became  unstable  at  2d30ut  3000  ppm. 


Table  2.  Effect  of  bed-load  movement  on  hydraulic  roughness 


Sediment 

Size 

Bedload 

Concentration 

(PP«n) 

(prototype) 

%  Increase 

0 

0.0140 

0.0 

200 

0.0142 

1.4 

400 

0.0143 

2.1 

800 

0.0148 

5.7 

1600 

0.0152 

£.6 

2400 

0.0159 

13.6 

3000 

0.0163 

16.4 

3250 

0.0166 

18.6 

dt4 

0 

0.0140 

0.0 

200 

0.0142 

1.4 

400 

0.0143 

2.1 

800 

0.0149 

6.4 

1600 

0.0152 

6.6 

2400 

0.0159 

13.6 

2700 

0.0162 

15.7 

3000 

0.0163 

16.4 

Bed 

0 

0.0140 

0.0 

Gradation 

500 

0.0143 

2.1 

1000 

0.0149 

6.4 

1500 

0,0151 

7.9 

2000 

0.0157 

12.1 

3000 

0.0160 

14.3 
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Figure  3.  Effect  of  bed-load  transport  on  hydraulic  roughness 


Tests  for  the  bed  material  gradation  were  conducted  with  concentrations 
varying  from  500  to  3000  ppm.  Between  200  and  1500  ppm,  there  was  a  minor 
increase  in  roughness  from  2.1  to  7.9  percent.  Between  2000  and  3000  ppm,  the 
Manning's  roughness  coefficient  increased  from  12.1  to  about  14.3  percent.  A 
maximum  threshold  concentration  for  the  bed  material  gradation  was  not 
determined - 

Review  of  the  flume  data  reveals  two  points;  1)  the  resulta  are  not  very 
sensitive  to  the  grain  size  for  the  hydraulic  conditions  and  grain  sizes 
modelled;  and  2)  the  flow  regime  will  be  supercritical  for  ths  anticipated  range 
of  bedload  concentrations. 


CONCLUSIONS 

Conclusions  are  preliminary  at  this  time.  Predicted  bed-load  transport 
rates  from  the  numerical  model  have  been  coupled  with  measured  hydraulic 
roughnesses  from  the  flume  study  to  determine  the  effect  of  the  gravel  bed  load 
for  the  Mission  Creek  Project.  Based  on  the  numerical  modeling  completed  by  the 
Lob  Angeles  District,  the  maximum  concentration  of  bedload  material  inflowing  the 
proposed  concrete-lined  channel  will  be  about  1300  ppm.  Preliminary  results  from 
the  flume  study  indicate  that  this  maxirouro  bedload  concentration  will  increase 
the  maximum  hydraulic  roughness  from  0.014  to  0.0153.  Additionally,  results  from 
the  flume  study  reveal  that  bed  forms  do  not  form  under  project  conditions  for 
concentrations  up  to  3000  ppm. 


APPENDIX  I.  CONVERSION  FACTORS,  UNITS  OF  MEASUREMENT 


To  Convert 


To 


inch  (in) 

centimetre  (cm) 

2.54 

foot  (ft) 

metre  (m) 

0.305 

mile  (mi) 

kilometro  (km) 

1.6 

square  mile  (mi^) 

square  kilometre  (km^) 

2.59 

cubic  foot  per 

cubic  metre  per 

second  (cfs) 

second  (mVs) 

0.0283 
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RIO  PUERTO  NUEVO  SEDIMENTATION  STUDY 
by 

^Eric  Holand,  ^Brad  Hall 


INTRODUCTION 


Puerto  Rico  is  a  beautiful  island  500  miles  from  southeast  of  Florida  in  the 
Caribbean  Sea.  The  island  is  typically  comprised  of  a  mountainous  interior 
which  slopes  sharply  to  a  coastal  plain.  The  largest  city  in  Puerto  Ricvo  is 
San  Juan.  This  city  is  ni^t  a  rapidly  developing  major  metropolitan  area. 
Economic  growth  has  increased  the  demand  and  value  of  available  land.  This 
has  often  resulted  in  construction  close  to  major  f loodways .  The  basin  is 
subject  to  runoff  discharges  typical  of  hurricane  and  tropical  storm  rainfall 
on  Jteep  slopes.  The  Corps  of  Engineers  was  charged  with  developing  plans  for 
providing  flood  control  for  the  Metropolitan  San  Juan  Area, 


Object ive  of  the  Sediment  Study 


The  objective  of  the  sediment  study  was  to  determine  the  size  of  sediment 
control  features  for  the  proposed  project  channels.  Flood  control  features 
planned  would  incorporate  the  use  of  supercritical  concrete  lined  channels.  A 
supercritical  design  was  chosen  due  to  the  steep  slopes  of  the  existing  river- 
channels,  the  high  cost  of  right-of-way,  and  the  desire  to  avoid  the  socio¬ 
economic  impacts  of  rebuilding  several  bridges  of  the  heavily  utilized 
6xpr6ssw&y  systi€jni.  Flow  conditlcns  th.s  projsct  cVisnnsl  wcu-ld  pTodiico. 

average  velocities  up  to  30  feet  per  second.  Erosion  of  concrete  surfaces 
would  be  expected  unless  transport  of  gravel  and  sand  particles  can  bo 
minimized.  Sand  and  gravel  size  particles  entering  project  channels  could 
also  develop  into  bedforms  which  would  alter  roughness  coefficients  which 
would  adversely  impact  design  flood  control  stages.  Debris  basins  at  the 
upstream  end  of  the  project  channels  for  the  Rio  Piedras  and  Quebrada 
Guaracanal  were  chosen  a;;  sediment  control  features . 


Basin  Characteristics 

Figure  F-1  shows  a  location  map  of  the  Rio  Piedras  basin  for  which  project 
flood  control  features  are  proposed.  The  entire  basin  is  either  fully 
developed  or  is  under  intense  pressure  for  development  by  residential  housing, 
commercial,  industrial  and  transportation  interests.  The  basin  was  considered 
to  be  75%  developed  in  1980.  Current  development  trends  indicate  that  the 
entire  basin  will  be  80%  developed  for  residential  or  commercial  use.s  by  the 
year  2000. 

The  basin  may  be  divided  into  three  areas  according  to  slope  changes.  The 
coastal  area  ranges  from  the  Bay  of  San  Juan  to  the  Buena  Vi.sta  tributary  of 
Rio  Piedras.  That  area  has  an  average  slope  of  0.002  7  ft/ft.  Ground  cove/. 

^Chief,  Hydraulic  Data  and  Design  Section,  Hydrology  and  Hydraulics 
Branch,  Jacksonville  District,  U.S.  Army  Corps  of  Engineers 

^Research  Hydraulic  Engineer,  Hydraulics  Laboratory,  Waterways 
Experiment  Station,  U.S.  Army  Corps  of  Engineers 
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consists  of  closely  spaced  residential  and  commercial  buildings,  paved  roads 
and  parking  facilities.  Rio  Pledras  discharges  into  the  Puerto  Nuevo  channel 
which  then  discharges  to  San  Juan  Harbor. 

The  second  area  from  Buena  Vista  to  the  Winston  Churchill  Avenue  Bridge  (PR- 
177)  has  an  average  slope  of  0.004  ft/ft.  The  area  north  (downstream)  of  the 
Winston  Churchill  Avenue  bridge  Is  also  fully  developed  and  runoff  is  typical 
for  urban  areas.  Local  drainage  ditch  and  culvert  systems  quickly  deliver 
runcff  to  Rio  Piedras  and  Rio  Puerto  Neuvo. 

The  basin  upstream  of  the  Winston  Churchill  Avenue  bridge  is  wooded  and 
mountainous  but  is  rapidly  being  developed  for  urban  and  residential  purposes. 
Roads  are  being  upgraded  and  new  expressway  systems  are  being  constructed. 
Average  channel  slopes  range  from  0.004  ft/ft  initially  to  0.006  ft/ft  in 
upstream  areas.  Vegetative  cover  is  tropical  and  recovers  quickly  from 
disturbance . 

Hydrologic  conditions 

Rainfall  in  the  basin  averages  75.4  inches  per  year.  The  climate  is  tropical 
with  a  relatively  small  variation  in  temperature.  Flood  events  are 
characterized  by  intense  rainfall  with  large  volumes  of  runoff  occurring 
within  a  few  hours.  The  conveying  river  or  stream  may  reach  and  exceed 
bankfull  within  hours  after  the  initial  rainfall  and  return  to  pre- event  flows 
within  a  24-hour  period.  The  upper  basin,  south  of  the  Winston  Churchill 
Avenue  bridge,  Is  characterized  by  steep  slopes  and  soil  conditions  which 
provide  only  minimal  opportunity  for  infiltration. 

Existing  Flood  Channel  Features 

The  primary  existing  drainage  feature  of  this  basin  is  Rio  Piedras.  This 
river  has  its  headwaters  in  the  mountainous  upper  basin  area  and  discharges 
into  the  channelized  reach  of  Rio  Puerto  Nuevo  near  the  De  Diego  Avenue 
bridge.  Rio  Puerto  Nuevo  then  discharges  into  San  Juan  Harbor.  One  smaller 
tributary,  Quebrada  Margarita,  also  discharges  into  Rio  Puerto  Nuevo. 

a.  Rio  Piedras.  Rio  Piedras  is  uncontrolled  and  overflows  into  adjacoot 
developed  areas' during  major  flood  events.  Tlie  existing  channel  seems  to  be 
relatively  stable  with  deposition  and  scour  in  balance.  Stream  banks  are  very 
steep  to  near  vertical  with  some  areas  showing  moderate  bank  erosion. 

Available  rock  in  the  channel  of  the  upper  basin  stream  bed  provides  armoring 
against  scour. 

b.  Tributaries  to  Rio  Piedras.  Local  runoff  from  streets,  house.s  and 
commercial  buildings  in  the  area  south  of  Winston  Churchill  Avenue  Bridge 
drain  to  tributaries  which  convey  flow  to  Rio  Piedras.  Three  major 
tributaries  arc  large  enough  to  require  open  channel  discharges  into  Rio 
Piedras.  Those  tributaries  (Quebrada  Guaracanal ,  Quebrada  Josef ina/Dona  Anna, 
and  Quebrada  Buena  Vi  :a)  are  co  icrete  lined.  Runoff  enters  the  tributaries 
through  standard  street  culvert  systems  and  earth  lined  ditches  at  the 
upstream  end  of  each  channel.  Discharges  from  the  remaining  tributary  areas 
are  small  enough  to  enter  the  main  channel  directly  through  street  culvrtca . 
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c.  Quebrada  Margarita.  The  existing  upper  basin  channel  is  trapezoidal 
in  shape  and  lined  with  concrete.  Development  has  reached  the  banks  along  the 
entire  length  of  the  chaiinel  right-of-way.  Runoff  from  the  surrounding  area 
enters  the  channel  through  culverts  or  inlet  structures. 

Problem  Identification 

a.  Sediment  Sources.  Land  clearing  activities  as.sociated  with  increased 
development  in  the  upper  basiii  area  were  determined  to  be  the  prime  source  of 
existing  sediment  loads  being  transported  in  P.io  Piedras .  Sediment  and  debris 
production  from  this  reach  of  the  basin  will  continue  until  developmeiit  of  tbe 
basin  reaches  completion  and  construction  activities  subside.  Under  existing 
conditions,  floods  which  exceeded  the  channel  banks  deposit  some  sediments  in 
areas  outside  the  main  channel.  The  proposed  channelization  of  the  Rio 
Piedras  would  transport  most  of  the  sediment  load  entering  the  channels  to  San 
Juan  Harbor.  Maintenance  dredging  cost  the  Puerto  Nuevo  Channel  could 
increase  unless  those  sediments  are  red'  ■>d. 


An  inspection  of  existing  concrete  lined  ciiannel  reaches  of  tributaries 
revealed  the  existence  of  small  sandbars  within  the  existing  channels.  In 
some  cases,  vegetation  (small  trees,  brush,  grasses,  etc.)  growing  on  the  sai.d 
bars  indicated  that  they  are  relatively  stable  and  have  been  in  existence  for 
some  timv^.  Water  in  most  of  the  channels  appeared  to  be  clear  with  very 
little  wash  load  noted.  Typically,  a  section  of  the  concrete  channel  livsing 

CC(T^MVvfl>•0  Vi«a/^  Ttnr* 

into  the  channel.  Since  the  areas  upstream  are  completely  developed,  th;i  riard 
bar.s  were  probably  formed  from  backfill  material  from  those  failure  sites. 


The  soils  within  the  upper  basin  contain  grain  sizes  varying  from  silts  a::-.'. 
clays  to  gravels,  large  cobbles  and  boulders.  The  existing  channel  in  the 
undeveloped  areas  upstream  of  the  proposed  project  channel  passes  through 
areas  which  have  large  rock  formations.  Those  areas  are  frequently  ar.iored 
with  boulders  which  provide  little  or  no  possibility  for  scour.  Rock 
formations  have  smooth  surfaces  indicating  the  degree  of  polishJ.ng  due  to 
sands  transported  during  flood  events.  baseflows  observed  in  unlined  choiuicls 
ranged  from  clearv'ater  to  a  small  washload  of  silt.s  and  clays. 

Sand  and  gravel  bar  formations  in  the  project  reaches  of  the  existing  chatinel 
were  also  noted  in  channel  reaches  downstream  of  the  debris  basin  site  where 
land  slopes  become  moderate.  These  bars  consist  of  medium  to  fine  gravels  and 
course  sands.  An  absence  of  clay,  silts  and  sand  fines  was  noted,  but  tin's  is 
not  considered  unusual  due  to  the  slope  of  the  existing  channels  and  the 
turbulent  and  high  velocities  experienced  during  discharge  events. 

Soils  in  areas  adjacent  to  San  Juan  Harbor  have  higher  contents  of  clay  and 
silt.  Dredging  records  of  San  Juan  Harbor  show  large  percentages  of  fine  .silt 
and  clay  particle  sizes. 


b.  Floatlnp.  Debris.  Field  Reconnaissance  noted  accumulations  of  debris 
against  bridge  piers  at  several  bridge  locations.  The  majority  of  the  debris 
observed  consisted  of  vegetation  and  wood  building  materials.  This  cause.s  a 
constriction  of  flow  and  increase  flooding  due  to  backwater  effects. 
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c.  Sediment  Rates  for  Adjacent  Areas.  Sedimentation  rates  for  various 
reservoirs  in  Puerto  Rico  range  from  as  low  as  0,86  af/yr/sq.mi.  to  as  high  as 
7,8  af/yr/sq.mi.  The  sediment  producing  drainage  basin  area  upstream  of  the 
proposed  site  of  the  debris  basin  is  8.29  sq.  miles.  The  high  level  of 
development  being  experienced  in  the  areas  above  the  project  would  indicate 
that  use  of  a  high  sediment  production  rate  would  be  justified  for  design. 

Ihe  following  computations  show  sediment  production  expected  at  Rio  Piedra.^ 
Debris  Basin  by  using  the  highest  measured  rate  of  sediment  load  for  a 
regional  reservoir  excluding  clay  and  silt: 

7.8  af/yr/sq.mi.  x  8.29  sq. mi.  -  64.66  af/year 

64.66  af/year  x  30%  (suspended  sand)  -  19.4  af-ft 

64.66  af/year  x  10%  (bedload)  -  1,94  af-ft 

Total  21. 34'.af -ft/  year 

Study  Approach 

Sedimen:  Data  Collection.  Suspended  sediment  monitoring  stations  were 
set-up  and  operated  by  the  United  States  Geological  Survey  (USGS)  at  four 
locations  on  the  P.ic  Pledras.  Those  stations  have  been  operational  siixe. 

1988.  Data  r.ollectec  were  analyzed  and  log-log  plots  to  show  su.spended 
sediment  discharge  in  tons  per  day,  concentration  in  mg/1  and  percent  sand  to 
water  discharge  were  compiled. 

a.  Station  50048770  was  established  at  the  proposed  site  of  the  Clo 
Piedras  debris  basin  at  the  Winston  Churchill  Avenue  bridge.  This  site  was 
chosen  because  it  is  at  the  most  upstream  end  of  the  proposed  project  conctvte 
channels.  Data  from  this  area  showed  suspended  load  from  undeveloped  ar»>.j:.s 
and  the  natural  streaia.  Figures  F-2,  F-3,  and  F-4  show  the  data  collected. 

b.  Station  50049000  was  established  at  PR-1  bridge  over  Rio  Piedr.-.;:.  A 
comparison  of  sediment  data  from  this  station  and  Station  50048770  assisted  in 
forming  a  determination  of  the  level  of  sediment  loading  contributed  by 

Que brada  Guaracanal . 

c.  Station  50049310  was  established  at  the  J.T.  Pinero  Avenue  bridi,e 
over  Quebrada  Josef ina.  This  location  was  chosen  to  determine  the  sediraei. 
load  being  contributed  by  Qviebrada  Dona  Anna  and  Quebrada  Josef  ina.  The  Uoii-a 
Anna  and  Josefina  channel  segments  are  lined  with  concrete  for  most  of  thf. 
basin  length  and  provide  drainage  for  highly  developed  urban  areas.  Th<;y  -ire 
typical  of  tributaries  from  develope<  areas  which  discharge  into  Rio  Piodv  i:  . 

d.  Station  50049100  was  established  at  the  J.T.  Flnero  Avenue  bridg;. 
over  Rio  Piedras.  This  station  is  located  at  the  midpoint  of  the  proposed 
channels  and  was  provided  to  assist  in  determining  the  volume  and  consistcTi.  y 
of  sediment,  contributed  by  the  Buena  Vista  tributary.  A  large  sand  and  gr.T.’el 
bar  has  formed  in  the  area  downstream  of  the  confluence  of  that  tributary  and 
the  main  channel  of  Rio  Piedras. 

Of  primary  importance  for  the  sediment  study  are  stations  on  Rio  I'iedr.a;.  at 
USGS  Cage  No.  50048770,  and  USGS  Cage  No.  50049000.  Ttio  Rio  Piedras  at  USCC 
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Gage  No.  SOO^S??©  is  located  at  the  site  of  the  proposed  debris  basin  near 
Winston  Churchill  Avenue.  The  Rio  Piedras  at  Rio  Piedras  gaging  station  is 
located  downstream  of  the  confluence  of  Quebrada  Josefina  with  Rio  Piedras. 

Suspended  Sediment  Relationships. 

a.  Data  Comparisons.  A  comparison  of  data  between  stations  500A8770, 
5004900C,  and  50049310  is  show  by  Figure  F-5.  This  figure  shows  a  decline  in 
the  sediment  concentration  versus  discharge,  Station  .50049000  was  established 
to  determine  the  necesslt3’  of  providing  a  debris  basin  at.  Guaracanal  and  Rio 
P.i.'''.dra,s .  The  decline  in  concentration  of  sediment  shews  chat  very  little,  if 
any,  sediments  were  being  transported  to  Rio  Piedras  from  that  ba.sin  at  the 
time  of  sampling.  Tc  determine  if  there  is  a  significant  difference  between 
the  total  population  of  sediment  sample.':,  which  includes  storm  event  samples, 
baseflow  .samples,  and  individual  storm,  event  sediment  production  thi.':  report 
focused  on  the  sediment  samples  taken  during  individual  storm  events. 

Observed  .suspended  sediment  .:;oncontration  versus  flowrate  .sampled  during 
ii.divldual  storm  runoff  ovents  were  plotted  and  compared.  Comparison  of 
concentrations  recorded  for  Section  50049100  and  Station  50049000  shows  a 
further  declining  seclment  load  as  flow  moves  downstream  to  San  Juan  liarbor. 
Tills  would  indicate  that  flows  from  Buena  Vista  Tributary  are  not  contr linuting 
aiipreciable  sediment  loads  to  Rio  Piedras.  The  Buena  Vista  tributary  is 
ser'veC  by  a  concrete  channel  and  is  typical  of  highly  developed  areas 
tributaries  to  Rio  Piedras. 

t>.  Coincident  Storm  Analysis.  Flcwrate  end  concentration  was 
simultaneously  .sampled  at  station  50048770  and  50049000  on  August  24,  1938  and 
April  18,  1989.  These  two  storms  provided  insight  into  the  relative 
contribution  of  runoff  and  sediment  discharge  between  the  Rio  Piedras  and 
Guaracanal  watersheds.  The  sampled  hydrographs  and  sediment  concentrations 
indicated  that  both  peak  discharge  and  runoff  volume  on  the  P^.io  Piedras  are 
higher  dovmstream  of  Qv'.ebrada  Gur.racannl,  however  sediment  concen  ratioti.s  are 
much  lower  at  this  point  on  Rio  Piedras  than  that  which  is  sample,  upstream  of 
the  confJ.aence  of  Quebrada  Guar».canal.  Thi.s  indicates  tnat  runoff  from 
Quebrada  Guarncanrl  does  not  carry  a  high  sediment  load  during  storm  events. 

c.  Ref.res.sion  Relrition.ship.s .  Unit  discharge  relation.ships  for  the 
campled  .suspended  sediment  load  at  stations  500493] 0,  50049000  and  50048770 
were  developed.  This  provided  an  additional  means  to  estimate  the  significant 
.sediment  inflow  from  Quebrada  Guaracanal.  The  unit  discharge- suspended 
sediment  conccntratioii  relation.ships  are  plotted  on  Figure  I’-b.  The  suspenard 
sed.'.ment  concentratiun-uiii  c  discharge  regression  indicates  higher 
concentrations  at  gage  nojiiber  50048770.  In  the  absence  of  tributary  inflow 
tiii.s  decrease  In  unit,  discharge  versus  concentration  is  expected  betweeii  gages 
50049000  and  50048770,  since  the  watershed  sediment  delivery  ratio  decreases 
with  inci.n.ui.sc  in  watershed  area.  Sl.ncc  the  Guaracanal  is  a  major  tributar) 
inflovi  point  between  the  two  gages,  the  reduction  in  concentration  versus  unit 
discii.aige  can  be  attributed  to  both  reduction  in  sediment  delivery  ration  due 
v.o  .sediment  .storage  in  the  Rio  Piedras  channel  and  proportionally  reduc  d 
.sed.iiiiuiit  inliow  from  the  Guaracanal  . 
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d.  F.stlmat-e  of  Percent  WflKh  l>oad.  The  percent;  of  the  sampled  suspended 
load  finer  and  coarser  than  0.0625  millimet.er.s  t^as  dcterailned  for  a  few  of  the 
suspended  load  samples.  These  samples  are  usefvil  for  determining  the 
suspended  sediment  load  that  comas  from  bed  niaterial  tran.sport  (sand  loud)  and 
the  portion  of  the  suspended  load  that  comes  from  watershed  erosion  and  is 
primarily  carried  as  wash  load  (silt  and  clay  load) ,  Regressions  of  the 
percent  sand  in  the  suspended  cediment  samples  were  regressed  with  both  the 
total  suspended  sediment  concentration  and  with  the  flowrate.  The  results 
Indicate  that  the  percent  washload  is  independent,  of  t’oe  flowrate  and  sadlTi.&rir. 
concentration  for  station  50048770  and  that  there  Is  a  slight;  increase  in  the 
percent  suspended  sand  for  stacicn  5004^000.  About  30  percent  of  the 
suspended  load  sampled  at  station  ,50048770  i.s  sand. 

Figure  F-6  indicates  that  the  percent  .eand  for  station  5004SV70  is 
nearly  independent  of  discharge  and  concentration  fer  tin.  range  of  camples 
taken.  Sand  constitutes  about  30  percent  of  the  sampled  suspended  sedliuenc 
for  this  station.  The  percent  sand  at  station  50049000  indicates  u  slight. 
increa.se  in  the  percent  .sand  with  an  increase  in  disch.'irgi; . 

Figure  F-7  iudicatec  which  of  the  flovjrate-suspenueo  sediment 
concentration  data  points  that  the  percent  sand  In  the  sample  wa.s  determined. 
The  plot  indicates  that  several  of  the  data  points  for  s ration  50048770  were 
sampled  from  the  highest  Siimpled  discharges.  The  .slr-v.  of  the  regression  line 
for  the  percent  sand  data  points  is  nearly  identical  to  the  .slope  for  all  data 
points  for  both  stations  50048770  and  50049000. 

Suspended  fediment  Farticle  Slg:e  Distribution.  The  ratio  of  grain 
sizes  was  detemined  by  computing  a  weighted  mean  of  standard  jize  graaations 
from  sediment  samples  taken  from  USGS  sampling  stations.  The  corresponding 
I'ercents  of  each  grain  size  were  applied  to  the  suspended  sediment  rating 
curve.  A  weighted  mean  .iverago  of  sediment  discharges  and  corresponding 
percent  finer  grain  .size  analyses  was  compiled  of  all  the  samples  taken.  The 
computed  average  of  the  samples  was  67  percent  finer  than  very  fine  sand  \VFS) 
size  particles.  Therefore,  about  33  percent  of  an  average  sample  would  be 
cc.aprised  cf  sand  size  particles.  This  compares  favorably  with  the  percent 
sand  versus  conceutratioia  analyses. 

Sediment  Inf low'^Characcerl s tics 

a.  Sediment  Concentration  Relationship.  ITie  regression  relationship;;  for 
concentration  versus  flosnrate  measured  for  individual  storm  events  on  the  Rio 
riedras  and  Quehrada  Josef Inc  w'cre  developed  for  determining  design  inflow 
quantities  for  formulating  the  uppert  range  of  the  sediment  discharge 
relati.onship .  The  relatlcnships  were  used  to  the  design  of  sediment  basin 
dcsijgn.  The  flowrat.e-Cvncunl ration  regression  plotted  In  Figure  F-5  for 
station  5004S770  .and  station  50049310  arc: 

Rio  riedras  Cg  •-  10,800 

Quebrvdf  Josefin.a  C,  —  152 


t) 


where  is  the  total  suspended  sediment  concentrat5  ot\  in  m^./liter,  Bnd  Q  i  s 
the  flowrate  in  cfs . 


b.  Sediment  Transport  Function.  Tlie  Larsen  Madden  tra'nsport  function  was 
chosen  for  use  in  HEC-6  modeling  of  the  Rio  Pledras  debris  basin.  This 
transport  function  was  recommended  after  a  review  of  the  field  data. 

c.  Bed  Material.  Figures  F-8,  F-9  and  F-10  show  typical  grain  size 
analyses  of  samples  taken  from  selected  cross  sections  used  in  computer 
modeling.  Site  investigation  also  revealed  that  the  channels  and  side  slopes 
contained  rock  ranging  from  50  mm  (2  Inches)  to  650  mm  (2i  feet) .  Large  rock 
was  noted  to  comprise  from  8%  to  25%  of  the  sample.  This  condition  would 
result  in  relatively  fast  armoring  of  the  streambed  as  discharges  increase. 

Debris  Basin  Design 

Basic  Design  Criteria.  The  flow  regime  for  the  project  area  is 
characterized  by  large  runoff  events  with  short  (less  than  2A  hour)  durations 
which  are  preceded  and  foDowed  small  average  daily  discharges.  Base  flow 
Is  very  small  and  has  negligible  sediment  carrying  capability.  Single  storm 
events  were  determined  to  provide  the  best  estimation  of  the  required  capacity 
of  a  debris  basin.  Since  the  protection  frequency  for  the  design  channel  was 
chosen  as  the  1-in-lOO  year  frequency,  the  debris  basin  was  also  sized  to  trap 
potentially  damaging  sediment  load  from  a  1- in- 100  year  event.  Silt  and  clay 
particle  sizes  are  nc't  coTisidered  highly  abrasive  and  capture  of  sedinierit 
particles  finer  tlan  very  fine  sand  would  require  a  reservoir  size  basin..  In 
addition,  high  design  velocities  in  the  project  channel  would  allow  only 
minimal  amounts  of  clay  end  fine  silt  particles  to  settle  out  of  suspen.sion. 

Computer  Analvse.s ,  The  U.S.  Army  Hydrologic  Engineering  Center  computer 
program,  HEC-6,  "Scour  and  Depositl.^n  in  Rivers  and  Reservoirs"  was  utilized 
to  compile  a  computer  model  for  the  proposed  project  sediment  basin  and  the 
existing  channeJ  upstream  of  Wi;>iston  Churchill  Avenue  Bridge  and  Quebrada 
Guaracanal .  Suspended  sedinients  and  bed  load  movement  from  the  areas  upstreaci 
c.f,  and  tributary  to.  the  project  channels  were  modeled  for  single  storm 
hydregraphs  and  flow  duration  hydrographs  were  formulated  to  provide  a  input 
for  HEC'6  modeling  of  trial  design  debris  basins. 

Vrorrani  Input  Data.  Survey  cross  sections  of  the  existing  Uio  Piedras 
channel  upstream  of  the  proposed  project  channels  and  samples  ot  the  bed 
material  were  taken  and  analyzed  for  grain  size  composition.  Twenty  eight 
cross  sections  were  surveyed  and  used  to  formulate  a  sediment  transport  model 
using  HEC-6.  Sediment  di.scharge  rating  curves  were  developed  for  a  range  of 
discharges  which  included  the  peak  discharge  of  the  SPF  flood.  Sediment 
basins  were  modeled  as  it  they  \rere  reservoirs.  Discharges  are  high  and  time 
to  peaks  are  small.  Time  steps  as  small  a  2  minutes  were  used  for  high 
discharges.  This  provided  a  smooth  deposition  profile  of  sediments  in  the 
basin . 


Channel  Rouphne.ss.  Nat.ural  channel  reache.s  upstream  of  the  debris  basin 
are  comprised  of  rock  and  gravel  armored  bottoms  with  heavily  vegetated  .side 
slopes.  Channel  bottoms  are  also  characterized  by  bedforms  and  reaches  which 


7-7 


have  large  Inunovable  rock  foroiations.  Manning's  roughness  coefficients  of  0.1 
was  used  for  left  and  right  hank  areas.  The  main  channel  was  modeled  with  a 
roughness  coefficient  of  0.06.  A  roughness  coefficient  sensitivity  analyses 
showed  no  change  in  trap  efficiency  or  volume  of  sediments  moved  to  the  debris 
basin  when  roughness  coefficients  were  varied. 

Conclusions . 

Puerto  Nuevo  Debris  Basin.  Figure  F-11  show.?  a  plan  view  of  the  debris 
basin  and  cutlet  structure.  Tlie  basin  would  be  constructed  in  a  reach  of  the 
iiatural  channel  by  excavating  the  east  bank  to  provide  a  "tear  drop"  shape. 
Total  volume  under  the  elevation  of  the  top  cf  the  outlet  structure  weir  is 
104  acre  feet.  Basin  area  Is  about  9.65  acres.  The  bottom  elevation  of  the 
basin  was  set;  at  the  elevation  of  the  existing  streambed.  This  would  minimize 
head  cutting  potential. 

The  model  starting  point  was  set  at  the  debris  basin  oiitlet  structure  and 
extends  for  a  distance  of  3,580  feet  upstream.  Hydrographs  of  the  10-year, 
23-year,  50-year,  100-year  and  SPF  were  then  run  through  the  basin.  Results 
were  anrlyzed  to  determine  the  appropriate  time  steps  for  each  discharge  which 
would  produce  smooth  sediment  deposition  or  degradation  in  the  model.  Table 
T-1  shows  the  performance  of  the  basin  under  the  1-in-lO  year  through  the  SPF 
storm  hydrographs.  Figure  F-12  shows  profile  plots  of  the  results  of  sediment 
settlement  in  the  debris  basin  for  each  frequency. 

Flow  duration  analyses  were  also  performed  by  running  a  hydrograph  based 
on  a  flow  duration  hydrograph  which  simulated  consecutive  years  of  discharges 
without  cleaning  and  reshaping  the  basin  to  design  specification.  Table  T-2 
shows  the  expected  decrease  in  trap  efficiency  over  a  three  year  period  of 
time.  Figure  F-13  shows  profile  plots  of  the  results  of  sediment  settlement 
in  the  debris  basin  for  three  years  of  continuous  flows  without  annual 
cleaning  and  reshaping.  Maintenance  clearing  and  reshaping  should  be.  planned 
on  an  as  reeded  basis,  especially  after  severe  runoff  events.  Monitoring  of 
basin  capacity  should  be  scheduled  on  r  three  month  basis  to  insure  adeqi  ate 
capacity. 

Guaracanal  Debris  Basin.  Although  sediment  analyses  showed  that  only 
small  sediment  loads  were  probably  being  discharged  from  this  basin  at  the 
time  of  sampling,  a  full  size  basin  was  considered  prudent.  An  analyses 
similar  to  that  for  the  Rio  Piedras  Basin  was  performed. 

Tributaries.  Sediment  production  from  Quebrada  Margarita,  Quebrada 
Dona  Anna,  Quebrada  Josefina,  Quebrada  Buena  Vista  and  Quebrada  Guaracanal 
were  found  to  be  minimal  due  to  the  developed  nature  of  the  area.  Analyses  of 
.suspended  sediment  samples  taken  by  field  sampling  showed  that  concentrations 
of  sediment  from  the.  open  channel  tributaries  were  very  low.  Sediment  loads 
for  the  10-year  through  SPF  hydrogr/iplis  were  computed  and  shown  to  provide 
minimal  sediment  to  the  project  channels.  Sediment  saraple.o  showed  little  sand 
content.  Sediment  loads  would  consist  of  silt  and  clay  and  some  line  sand 
grain  slze.s  which  would  not  deposit  in  appreciable  quantitic.s  due  to  the  b.igh 
velocity  nature  of  the  flow  regime. 
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Total  Yearly  Sediment  I^ad.  Flow  duration  analyses  of  the  main  channel 
and  tributaries  were  compiled  to  show  the  expected  sediment  loading  for  one 
year.  Table  T-3  shows  a  summary  of  chose  loads.  Total  sediment  load  to  San 
Juan  harbor  could  increase  because  of  loss  of  some  overbank  flood  areas . 
however,  the  existing  channel  of  Rio  Piedras  is  well  defined  and  urban 
development,  which  has  encroached  up  to  the  banks  of  Rio  Piedras,  affords 
little  opportunity  for  extended  periods  of  overbank  flooding  which  would 
result  in  deposition  of  clay  and  silt  particles.  However,  the  project  channel 
is  not  expected  to  appreciably  increase  sediment  transport  to  San  Juan  Harbor. 

Floating  Debris.  Capture  of  floating  debris  is  considered  to  be 
impractical .  Existing  bridge  pier  bents  would  be  furnished  with  sloped  nose 
extensions  and  diaphragm  walls  to  deflect  floating  debris  and  minimize  debris 
build  ap  against  pier  groups.  Analyses  of  design  chaiinels  were  based  on  the 
assumption  that  floating  debris  would  build  up  against  bridge  piers  for  a 
thickness  of  two  feet  on  each  side  of  each  pier  group. 

Comnarison  of  Regional  and  Comnu'ced  Sediment  Load.s . 

Table  T-3  shows  a  suiranary  of  post  project  sediment  loads  based  on  the  sediment 
rate.s  used  for  design  of  the  debris  basins.  ITiose  rates  would  produce  an 
average  yearly  sediment  load  to  San  Juan  Harbor  of  272  Acre  feet.  This 
compares  favorably  with  dredging  records  for  San  Juan  Harbor  which  show  an 
average  of  158  af/year.  Only  the  ship  channels  are  dredged.  However,  those 
channels  comprise  a  large  part  of  tlie  harbor  and  are  located  directly  along 
the  flow  path  of  discharges  from  Rio  Kierto  Nuevo  outlet.  Therefore,  the 
analyses  is  a  considered  a  conservative  projected  figure  when  compared  to 
dredging  records  and  yearly  reservoir  loads  for  Puerto  Rico. 

The  current  race  of  sediment  transport  being  experienced  in  thi.9  basin  is 
elevated  dvie  to  the  current  race  of  development  in  the  project  basin.  Debris 
basins  are  subject  to  wet  years  which  produce  larger  qviantities  of  sediments 
and  should  bo  designed  fo::  those  higher  load ■ condi tions .  Larger  basins  would 
also  sei.'ve  to  reduce  overall  maintenance,  clearing  requi.remcnts , 


Table  T-1 
Rio  Puerto  Nuevo 

Winston  Churchill  Avenue  Debris  Basin 
Sunmiary  of  Trap  Efficiency 


Frequency 

Peak 

Sand/Gravel 

Sand/Gravel 

Trap 

of  Storm 

Discharge 

Inflow 

Outflow 

Efficiency 

(Year) 

cfs 

Ac  ft 

Ac  ft 

% 

10 

18,680 

14.17 

0.02 

99.9 

25 

21,600 

17.82 

0.05 

99.7 

50 

23,100 

20.08 

0.07 

99.7 

100 

24,500 

22.13 

0.15 

99.3 

SPF 

27,700 

49 . 94 

5.03 

89.9 

Note ; 

Clay  and  Silt  sl;!e 

particle.s  would  not  be 

trapped 

Table  T-2 
Rio  Puerto  Nuevo 

Winston  Churchill  Avenue  Debris  Basin 
SuJDmary  of  Trap  Efficiency  for 


Flow  Duration  Analyses 

Years  of 

Peak 

Gross 

Saud/Gravel 

Gross 

Sand/Gravel 

Trap  : 

Efficiency 

Operation 

Discharge 

Inflow 

Outflow 

Gross 

Yearly 

cfs 

Ac  ft 

Ac  ft 

% 

% 

1 

18,392 

50.1 

0.02 

99.8 

99.8 

2 

18,392 

iOO .  0 

17.86 

89.0 

64.2 

3 

18,392 

149.9 

42.00 

71.0 

51.6 

Note:  Assumes  no  clearing  of  sediments  during  interval  of  filling 

Table  T-3 
Rio  Puerto  Nuevo 
Projected  Annual  Sediment  Load 
From  Tributaries  and  Main  Channel 
in  Acre  Feet 


Basin 

Sand/Gravel 

Clay-Silt 

Total 

Rio  Piedras 

(1) 

. 

174.60 

174,60 

Guaracanal 

(1) 

- 

90.70 

90.70 

Buena  Vista 

0.18 

0.99 

1.17 

Josef ina 

0.38 

2.02 

2.40 

Dona  Anna 

0.23 

1.24 

]  .47 

Margarita 

0.32 

1.69 

2.01 

Sura 

1.11 

271.24 

272.35 

(1)  Note;  Sand  and 

gravel  sizes 

captured  by  Dcbri.s 

Basins 
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PUERTO  NUEVO  DEBRIS  BASIN 
SINGLE  STORM  ANAYLSIG 
SEDIMENT  PROFILE 
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PUERTO  NUEVO  DEBRIS  BASIN 
FLOW  DURATION  ANAYLSIS 
SEDIMENT  PROFILE 
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Steep  Stream  Riprap  Design 


Stephen  T.  Maynord^ 


Introduction  and  Objectives 

Riprap  design  in  steep  streams  requires  consideration  oi  fac¬ 
tors  such  as  flow  impingement,  downslope  gravity  forces,  flow 

resistance  on  steep  slopes,  and  alternate  methods  of  estimatin?; 

velocity  that  are  not  required  for  riprap  design  in  a  lov7er  slope 
environment.  For  this  paper,  steep  stream  riprap  design  will  be 
divided  into  the  following  three  categories ; 

a.  Single  channels,  nonimpinging  flow,  slopes  less  then 

2  percent  or  100  ft/mile. 

b.  Braided  channels,  impinging  flow,  slopes  less  than 

2  percent  or  100  ft/mile. 

c.  Single  channels  or  overflow  embanl^mentt ,  nonlEipinglno 
flow,  slopes  between  2  and  20  percent. 

Riprap  for  category  a  screams  can  be  designed  \;sivig  US  Army 
Corps  of  Engineers  guidance  for  riprap  in  flood  control  channels 
found  in  Engineer  Manual  (EM)  1110-2-1601  (Headquarters,  US  Army 
Corps  of  Engineers  (HQUSACS) ,  1991).  This  guidance  departs  from 
the  traditional  guidance  based  on  shear  stress  or  tractive  force 
and  uses  a  procedure  based  on  local  depth- averaged  velocity.  While 
the  new  method  cen  be  derived  from  a  modification  of  the  shear 
stress  equations,  shear  stres.s  is  not  used  explicitly  In  the  new 
procedure.  Local  depth- av^e raged  velocity  was  adopted  primarily 
because  local  shear  stress  is  difficult  to  visualize,  compute,  or 
measure.  From  EM  1110-2-1601  the  equation  for  determining  stone 
size  is 


search  Hydraulic  Engineer,  Hydraulics  Laborutory^  US  Army  Engi¬ 
neer  Waterways  Experiment  Station,  3909  K.'xlls  Ferry  Road, 
Vicksburg,  MS  39180-6199,  (601)  634-3284. 
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riprap  size  of  which  30  percent  is  finer  by  weiglit 
safety  factor,  minimum  —  I.l 

stability  coefficient  for  incipient  failure,  thick¬ 
ness  -  IDiooOaaic)  or  1.  jDsoimtix) ,  \7hLche''^er  i:% 
greater.  Djs/Djs  -  1.7  to  5.2 
0.30  for  angular  rock 

0.375  for  rounded  rock  (EM  1110-2-1601  incorrect, 
gives  0.36) 

gradation  uniformity  coefi'iciert 

vertical  velocity  distribution  coefficient 

1.0  for  straight  channels,  inside  of  bends 

1.283  -  0,2  log  (R/W)  for  outside  of  bends  (1  for 

RA^  >  26) 

1.25  downstream  of  concrete  channels 

1.25  at  end  of  dikes 

center- line  radius  of  bend 

vrnter- surface  width  at  upstream  end  of  bend 

blanket  thickness  coefficient 

local  depth  of  flow 

unit  weight  of  water- 

unit  wei^it  of  stone 

local  depth-averaged  velocity 

side  slope  correction  factor 

gravitational  constant 


Riprap  designs  for  categories  b  end  c  require  modification  of 
the  method  presented  in  EH  1110-2-1601.  The  objecti-ve  of  this 
paper  is  to  present  riprap  design  for  category  b  and  c  streams. 

SlkXm^_PJld.lKa_fgr..C_ateEOrv  b  Streams 

For  braided  streams  having  impinged  flow,  the  EK  l.ilO-2-lGOL 
procedures  require  modification  in  two  areas:  the  method  cf  veloc¬ 
ity  estimation  and  ?:h€  velocity  distribution  coefficient  All 

other  factors  and  coefficients  prerented  in  the  EH  are  applicable, 

the  major  challenge  in  riprap  design  for  braided  streams  is 
estimai-ing  the  imporjoci  force  at  the  impingement  point.  In  the 
EM  1110-2-1601  method,  the  characteristic  imposed  force  for  side 
slope  riprap  ii  the  dcpcli-averaged  velocifji  at  20  percent  of  the 
slope  length  up  froa  the  toe  U..;, .  Although  unproven,  the  most 
.severe  bank  att.ac.k  in  braided  Ktreoms  is  thought  to  occur  when  the 
water  su'rfcice  i*-  at  or  .slightly  auove  the  t;ops  of  the  midchannel 
bars.  At  this  sJtage. ,  flow  Is  confined  to  the  multiple  channels 
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that  often  flow  into  or  "impinge"  against  bank  lines  or  levees.  At 
lesser  flov/s,  the  depths  and  velocities  In  the  multiple  chan’-iels 
are  decreased.  At  higher  flows,  the  ch-annel  area  Jnorear.e.s  drasti¬ 
cally  and  streamlines  are  in  a  more  downstrefim  rather  than  into 
bank  lines  or  levees.  Therefore,  a  method  was  needed  that  allows 
estimation  of  the  average  channel  velocity  when  the  f3ow  produce.s  a 
stage  at  or  Just  above  the  tops  of  the  midchannel  bars,  litis  aver¬ 
age  channel  velocity  will  be  multiplied  by  an  empirical  factor  to 
obtain  V201  j^st  as  in  Prate  B-33  in  EM  1110-2-1601. 

The  first  item  chat  is  needed  In  this  method  is  the  discharge 
that  produces  e  stage  near  the  tops  of  the  midchaniiel  bars  Qtmeb- 
Pt»eb  is  probably  highly  correlated  with  the  channel  forming  dis¬ 
charge  concept.  In  the  case  of  the  Snake  River  near  Jackson, 
Wyoming,  Qtacb  is  15,000-18,000  cfs,  which  has  an  average  recurrence 
interval  of  ,'.bout  2-5  years. 


The  sei.  jnd  item  that  is  needed  in  this  method  is  cross- 
section  information  at  sites  where  the  flow  is  concentrated  5.nto 
one  channel  again/it  th'  banl:  line  or  levee.  In  the  case  of  the 
Snake  River,  several  location.^  could  be  found  where  cross  secticas 
had  been  measured,  and  wliere  tlie  flow  was  concentrated  into  a  single 
channel.  Using  cross-section  data  to  determine  the  chamel  area 
btlc  •w  the  tops  of  the  midchannel  bars  and  Qtacb  allows  determinatioa 
of  the  average  chariAiei.  velocity  at  the  top  of  the  uiidchannol  bars 

^tawb  • 


F.leld  measurements  at  impingement  sites  were  taken  in  1991  or. 
the  Snake  River  near  Jackson,  Wyoming,  and  reported  in  Ma/n.ord  (in 
preparaticir) .  Flow  during  these  a.easurements  ranged  from  14,000  to 
16,000  cfs,  which  produced  a  stage  just  below  the  tops  of  the  mid¬ 
channel  bars.  Velocities  were  measured  with  electromagnetic  veloc¬ 
ity  tietvers  susp»;nded  by  a  crane  that  could  extend  40  ft  from  the 
banl!-.  line.  Cross  sectiens  were  not  obtained  during  the  1991  field 
trip.  At  eight  cross  sections  measured  in  1988,  the  average  chan¬ 
nel  area  below  the  tops  of  the  midchannel  bars  was  about  2,000  sq 
ft.  Using  a  Otoneb  15,000  cfs  resulted  in  a  of  7.5  fps.  The 

velocity  measurements  in  1991  resulted  in  V20  tanging  up  to  12  fps . 
The  ratio  Fzo/FuBcb  “  12/7.5  =-  1.6,  which  is  almost  Identical  to  the 
ratio  shown  in  Plate  B-33  for  sharp  bendw^iys  having  R/W  -  2  in 
natural  channels,  aud  this  ratio  if,  recommended  for  determining  Vio 
for  iniplnged  flow. 

Water- surface  meacureiients  on  the  Snake  River  at  the  Impinge- 
iiont  sites  .showed  that  the  maximum  local  water-. surf  ace  slopes  mea- 
.•juied  over  a  ICO- ft  distance  averaged  45  ft/milc  ai.-d  ranged  from  19 
to  ')'?.  fr/mile  Thie  dovmvalley  slope  of  the  Snake  Piver  in  this 
reach  is  19-21  ft, 'mile. 

At  st.Hted  earlier,  two  areas  of  EH  1110-2-1601  require  modi¬ 
fication  for  use  in  impinged  flow  li,  braided  streams.  The  second 
is  the  velocity  distribution  coefficient  C\ ,  which  varies  with 
in  bfcndways  as  shown  in  Plate  B-40  in  EM  1310-2-1601.  In  .straight 
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luboreCory  channels  having  1V:2H  side  slopes  and  channel  bottoms 
with  the  sace  riprap  size,  failure  almost  always  occurred  on  the 
rhaimel  bottom  iii  stabilltrj;  tests.  In  laboratory  bendways  of  the 
Riprap  Test  Faci?.lty,  US  Army  Engineer  Waterways  Experiment 
Stat-ioit,  having  1V:2H  side  slopes,  failure  generallj/  occurred  about 
halfway  v>.p  the  side  slope.  Preliminary  results  from  ongoing 
studie.';  of  impinged  flow  havitig  IV: 2H  side  slopes  showed  that  fail- 
ui.no  were  initiated  higher  up  the  side  slope  than  in  the  bendway. 
This  suggeb'  :s  that  impinged  flow  has  high  velocities  well  up  on  the 
aide  slope,  and  the  1S91  field  study  (Maynord,  in  preparation)  con¬ 
firms  this  observation.  Tlte  laboratory  study  of  impinged  flow  is 
trying  to  determine  the  appropriate  value  of  for  impinged  flow. 
Until  that  time  a  value  of  6V  of  1.25,  which  is  close  to  a  bendway 
having  R/W  “2,  is  recommended. 

For  the  Snake  PJ.ver  near  Jackson,  Wyoming,  the  required  rip¬ 
rap  size,  using  the  procedures  presented  herein  is  as  follows: 

Input:  V20  “  1.6(15,000/2000)  -  12  fp.'i,  depth  at  V20  -  10 
ft,  specific  weigiit  «  155  pcf,  1-25,  **  0.30, 

C't  “  1.0,  Sjj  "  1.1,  1V:2H  side  slope,  thickness  ■“ 
IDioo,  use  E'FL  1110-2-120  gradations  given  in  Table 
3-1  of  1IIO-2-I6OI. 

RGEult:  Required  D35  -  1.09  ft,  ETL  DaoCmin)  =  1.10  ft, 
thickness  »  27  in.,  W^gCmin)  «•  185  lb. 

This  cornpari  ;  with  the  existing  riprap  that  has  a\i  average  size  of 
losfi;  than  10  lb  according  to  US  Array  Engineer  District,  Walla 
Walla  (1987;  New  riprap  placement  along  the  Snake  PJ.ver  generally 
uses,  riprap  1  vlug  “  400  lb  with  thickness  of  42  in.  at  the  toe 
iuid.  2:4  in,  at  the  tcp. 

I  lor  Category,  C  Streams 

For  si!  ,le  channels  or  overflow  embartkments ,  slopes  greater 
than  2  percei  t;  arc  outside  the.  range  of  direct  applicability  oi 
EM  1110-2-160'.  because  of  the  importance  of  the  downslope  gravity 
comp.onent  and  the  effect  of  steep  slopes  on  flcv  resistance. 
Overflow  ciiibiiitkiaeiit  riprap  atabllity  tests  have  generally  been 
limited  to  a  1  axit;u!J!  slope  o.r  20  percent.  The  most  recent  t'.ests 
weru  conducted  by  Abt  st  ai.  (1986)  and  A>>t  ct  al.  (1988).  Wtii3.e  .a 
‘/.O  percent  aloy.,e  may  seem  large  for  loose  riprap,  highway  engii.'eere 
have  questioned  this  auclior  about  design  guidance  for  riprep  placed 
on  'sifipen  approaching  40  percent.  Using  Abt. 's  data  «iad  dimen.sl.otial 
anrlypis  results  in  the  following  empirical  equation 


or  ill  terms  of  used  in  LU.  1110  2-1601 
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where  S  in  the  tlope  of  the  bed  and  q  is  the  unit  discharge.  Be  h 
equations  can  be  used  in  any  con  itstenc  set  of  units,  both  fall  n 
the  conservative  side  of  the  data,  and  both  are  restricted  to  > 
thickness  of  I.SDioq,  angular  rock,  specific  weight  of  167  pci, 
b-in.  gravel  filter  beneath  riprap,  Daj/Dij  from  1.7  to  2,7,  slopes 
from  2  to  20  percent,  uniform  flow  on  a  downslope  with  no  tail- 
water,  and  average  riprap  size  less  than  6  in.  The  comparison  of 
Equation  3  with  the  (kite  i.s  cho'>m  in  Figtire  1.  One  cf  the.  problems 
with  this  approach  is  that  different  specific  rock  weight,  blanket 
thickness,  and  gradation  uniformity  camiot  be  used  with  this 
approach. 

Alt  alternative  approach  would  be  to  use  the  EM  1110-2-1601 
procedure  to  addres.s  other  specific  weights,  thic.knt.ss,  and  grade 
tion  but  to  include  the  appropriate  factors  for  dovmslopo  gravity 
effects  and  a  resistance,  equation  for  flow  or.  steep  slopes.  From 
Ulrich  (1987)  ,  the  appropriate  /Cj  factor  to  use  in  Equation  1  is 


»•  Cos  Cl  I 


Tan  Q 


When  a  is  the  angle  of  the  channel  bottom  from  horitour.al  and  4> 
is  Che  angle  of  repose  of  the  riprap  revetment.  Froiii  ^^a>^u)rd 
(1988)  the  eppropriate  ^  for  riprap  rcvetvoenr.s  ie  about  53  dogicec. 
Us.lng  Abt  et  al.  (1986),  .Clow  resistavvoe  and  dimensional 

analysts  re.sult  in  Che  following  modification  of  the  Striclrlcr 
eo'-iaticn 


n  ■-  0.07(D5oS)^/^ 


(3) 


which  Is  applicable  to  slopes  between  2  and  2’.U  percent.  Combining 
Equations  1,  4,  end  5,  using  q  ■“  Vd,  and  D^o  “  I.2D30  results  in 
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Note  the  similarity  of  Equation  6  and  Equations  2  and  3  and  that 
Equation  G  was  derived  without  using  Abt's  et  al .  stability  data. 
Also  note  that  the  slope  effect  in  Equation  6  i.s  also  part  of  the 
factor  in  the  denominator.  Equation  6  is  limited  to  slopes  from 
2  to  20  percent,  angular  rock,  6 -in.  gravel  filter  beneath  riprap, 
uniform  flow  on  downslope  with  no  tailwater,  and  average  riprap 
size  less  than  or  equal  to  6  in.  The  comparison  of  Equation  6 
using  5f  “  1.1  (minimum  safety  factor),  6’,  -  1,  Cj  -  0.84  (for 
thickness  -  l.SDioo).  “  0.30  (for  angular  rock),  specific  stone 
weight*  167  pcf,  and  ^  -  53  degrees  with  Abt's  et  al .  data  is  shown 
in  Figure  1  as  the  modified  EM  1110-2-1601  curve.  Equation  6  fits 
the  observed  data  as  well  as  the  empirical  approach  given  by  Equa¬ 
tion  2  or  3  and  allows  variation  of  stone  size  with  unit  weight, 
blanket  thickness,  etc. 

Abt  et  al,  (1988)  presents  a  flow  concentration  factor  that 
varies  from  1  to  3  that  is  multiplied  by  the  unit  discharge  when 
the  .inflow  is  not  uniform  across  tlie  approach  channel.  Although 
guidance  is  lacking  on  the  amount  of  flow  concentration  for  a  given 
geometry,  some  degree  of  flow  concentration  should  be  expected. 
Riprap  on  steep  slopes  should  be  relatively  uniform  with  Da5/Di5  < 
2.b.  Addltiomil  studies  are  needed  to  extend  Equations  2,  3,  or  6 
to  larger  riprap  sizes. 

Conc'ider  a  10-ft-wide  downslope  having  a  10  percent  slope  and 
a  total  discharge  of  25  cfs.  Rock  protect-' on  will  be  placed  to  a 
thickness  of  I.SDioq,  and  have  a  unit  weiglit  of  165  pcf.  Using  a 
flow  concentr.ition  factor  of  1.25  results  in  a  unit  discharge  of 
1.25(25/10)  “  3.13  c£s/ft.  Using  Equation  3,  the  required  D30  •" 
0.37  ft.  Using  the  modified  EM  1110- 2 -1601  procedure  given  by 
Equation  6,  the  required  D30  -  0.34  ft.  In  either  case,  a  typical 
gradation  having  D3o(niin)  S:  0.34  ft  would  have  Du;o(raax)  of  about 
9  in,  and  a  blanket  thickness  of  1,5(9)  •»  13-14  in. 

Sumrnarv  and  Conclusloits 

Riprap  design  for  single  cha-iinels,  nonlmpinging  flow,  and 
slopes  less  than  2  percent  should  use  g\iidance  presented  In  EM 
1110-2-1601. 


Riprap  design  for  braided  chevaiels ,  impinged  flow,  and  .slopes 
less  than  2  percent  should  use  the  veloc5.t/  estimation  method  pre¬ 
sented  herein  and  Cy  ”  1-25  in  the  EM  lllU-2-1601  procedure. 

Riprap  design  for  single  channels  or  overflow  embankments, 
nunimpinged  flov/,  slopes  between  2  and  20  percent,  xiniform  flow  on 
a  dewnsiepe  v7ith  no  tailwater,  and  average  rock  size  less  than  or 
equ.'il  to  6  in.  should  u.se  either  the  empirical  method  in  Equation  2 
or  3  or  the  modification  of  the  EM  1110-2 -ICOl  method  given  in 
Equacicn  6. 
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Conversion  Factors  from  U.S.  Customary  to  SI  Units 


To  convert 
(1) 

To 

(2) 

Multiply  by 
(3) 

Cubic  foot  per  second 
(cfs) 

Cubic  meter  per  second 

(mVs) 

0.03 

Degree 

Radian 

0.02 

Foot  (ft) 

Meter  (m) 

0.31 

Inch  ( in . ) 

Meter  (m) 

0.03 

Found  (mass)  (lb) 

Kilogram  (kg) 

0.45 

Pound  (mass)  per  cubic 
foot  (pcf) 

Kilogram  per  cubic 
meter  (kg/m^) 

16.02 

Square  foot  (sq  ft) 

Square  meter  (m^) 

0.09 
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FIGURE  I.  RIPRAP  STABILITY  FDR  DDVNSLDPES 
FROM  2  TD  20  PERCENT 


FIAMINGO-TROPl'CANA  AUjDVIAL  FAN  PROJECT 


by 


A.X. 


INTRODUCTION 

Purpose.  This  paper  presents  the  with-  and  without-project 
feasibility  designs  for  the  Flamingo-Tropicana  Flood  Control 
Project,  The  proposed  Flamingo-Tropicana  Project  consists  of  a 
system  of  debris  and  detention  basins  on  several  alluvial  fans 
inter-connected  by  high  velocity  concrete  channels.  The  project 
site  is  located  just  west  of  the  downtown  portion  of  the  City  of 
Las  Vegas^  Nevada.  A  significant  part  of  the  project  benefits 
come  from  "Flood  Proofing  Costs  Reduced".  In  this  case  this 
benefit  is  based  upon  how  the  Federal  Emergency  Management  Agency 
(FEMA)  enforces  its  Alluvial  Fan  Zone  Regulations.  Assessment  of 
without-project  conditions  required  the  design  of  "decentralized" 
flood  protection  features  on  the  alluvial  fans.  The  vith-project 
condition  required  the  design  of  a  centralized  system.  The  Flood 
Proofing  Costs  Reduced  benefit  consists  of  the  difference  in  cost 
between  the  less  efficient  without-project  system  and  the  more 
efficient  with-project  system. 

Key  Issues.  Key  design  issues  involved  l)  evaluating 
existing  flooding  conditions  on  several  adjacent  alluvial  tans, 

2)  producing  without-project  designs  for  dealing  with  the 
existing  flooding  conditions  while  meeting  reg'  latory 
requirements  anu  3)  developing  an  efficient  with-project  flood 
control  design.  The  with-project  design  must  deal  with  the 
sediment  and  runoff  environment  on  the  alluvial  fans  while  also 
minimizing  the  adverse  impacts  the  project  would  create  in 
greater  than  design  events. 

PHYSICAL  SETTING 

The  'Flamingo-Tropicana  Washes  watershed  is  located  on  the 
western  side  of  the  Las  Vegas  Valley  in  Clark  County,  Nevada, 
west  of  the  city  of  Las  Vegas,  It  is  bounded  on  the  north  by  the 
La  Madre  Mountain  range,  on  the  west  by  the  Spring  Mountains,  and 
on  the  south  by  a  lower  divide  formed  by  alluvial  materials 
eroded  from  the  Spring  Mountains  to  the  west.  The  mountains  on 
the  northern  and  western  boundaries  of  the  watershed  are  rugged 
and  steep.  Alluvial  fans  form  the  transition  from  the  steep 
mountains  to  the  urbanized  areas  of  the  gently  sloping  valley 
floor  to  the  east.  The  Blue  Diamond  Mountains  are  an  unusual 
feature  located  within  the  vratershed  near  the  western  boundary. 
They  constitute  an  interior  area  of  high  groimd  which  causes  some 


^Chief,  Hydraulics  Section,  Los  Angeles  District,  U.S,  Army 
Corps  of  Engineers 
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riinoff  to  drain  west,  then  north  to  P.edroch  Wash  or  south  to  Blue 
Diamond  Wash  before  it  can  join  the  general  direction  of  flow  to 
the  cast.  Figure  i  shows  the  Flamingo-Tropic  ana  Washes 
watershed . 

Flamingo  Wash  begins  as  an  ephemeral  desert  stream 
originating  in  the  Blue  Diamond  Mountains  and  terminating 
approximately  17  miles  downstream  at  its  confluence  with  Las 
Vegas  Wash.  It  flows  generally  east  down  the  alluvial  fan  area 
and  into  urban  Las  Vegas  where  it  eventually  terminates  at  its 
confluence  with  Las  Vegas  Wash.  It  is  interesting  to  note  that 
at  one  point  Flamingo  Wash  flows  under  and  through  the  parking 
garages  of  some  casinos  on  Las  Vegas  BouJevard  ("The  Strip"). 
Urban  runoff  and  leakage  from  the  groundwater  aquifer  make  the 
streeuu  perennial  in  its  lower  reaches.  Tropicana  and  Red  Rock 
Washes  are  its  principal  tributaries. 

Red  Rock  Wash  drains  the  area  to  the  north  of  the  Blue 
Diamond  Mountains  and  joins  Flamingo  Wash  near  the  base  of  the 
alluvial  fan.  Tropicana  Wash  begins  as  a  distributary  of  Blue 
Diamond  Wash.  It  flows  generally  nortlieast  down  the  alluvial  fan 
area,  enters  urban  Las  Vegas  and  eventually  flows  into  Flamingo 
Wash. 


The  alluvial  fan  area  on  the  eastern  side  of  the  Blue 
Diaiiitjiiu  Houii tains  may  be  somewhat  atypical  due  to  the  widespread 
presence  of  outcrops  and  subsurface  layers  of  caliche.  Caliche 
is  a  natixrally  cemented  material  which  varies  widely  in  its 
durability.  It  is  believed  that  the  caliche  has  a  pronounced 
influence  on  the  behavior  of  the  alluvial  fans.  It  is  very 
likely  that  it  changes  the  patterns  of  deposition,  avulsions  and 
c  lannel  formation  that  would  occur  on  em  unconstrained  alluvial 
fun,  but  this  effect  is  almost  impossible  to  quantify. 

In  the  urban  areas  downstream  of  the  alluvial  ferns  the 
Flamingo  and  Tropicana  Washes  are  locally  disturbed  in  so  many 
places  that  it  is  difficult  eind  perhaps  pointless  to  develop  any 
sense  of  -the  general  morphology  of  these  streeims.  During  flood 
events,  these  streams  have  showix  a  tendency  to  both  locally  erode 
and  locally  deposit. 

VriTHODT-PROJECT  CONDITIONS 

Overflow  Analysis.  A  traditional  HEC-2  overflow  analysis 
was  conducted  for  the  well  defined  reaches  of  the  Flamingo  auid 
Tropicana  Washes  where  they  flow  tlirough  the  urbanized  areas 
belov/  the  alluvial  fan  area.  The  25-,  50- ,  100-  and  500-year 
frequency  overflows  were  delineated  for  the  purpose  of  evaluating 
inundation  reduction  benefits.  Non-damaging  discharges  were  also 
determined  and  plotted  on  profiles  of  the  streams  for  use  in  the 
economic  evaluation  and  also  as  a  plan  formulation  tool. 

Because  inundation  reduction  benefits  for  the  alluvial  fan 


area  were  expected  to  be  minimal,  without-pro j ect  multiple 
frequency  overflows  were  not  developed  for  the  alluvial  fan  part 
of  the  study  reach.  Only  the  500-year  frequency  event  was 
delineated  for  purposes  of  evaluating  the  impact  of  the  proposed 
project  upon  greater  than  design  events.  The  500-year  overflow 
was  estimated  by  developing  separate  HEC-2  models  for  each 
hydrologic  subarea  on  the  alluvial  fans.  The  cross  sections 
taken  for  geometric  input  into  the  model  were  extended  all  the 
way  across  each  subarea.  The  local  500-year  discharge  was  used 
for  each  HEC-2  model.  The  resulting  500-year  overflow  covers  the 
entire  alluvial  fan  area.  This  overflow  does  not  represent  a 
single  event,  but  a  composite  of  all  the  local  500-year  floods  on 
the  alluvial  fans. 

FEMA  Regulations.  An  economic  analysis  determined  that  the 
alluvial  fans  in  the  upper  part  of  the  study  reach  v^ere  going  to 
develop  entirely  by  the  year  2026  in  spite  of  the  lack  of  a 
centralized  flood  control  system  and  the  regulatory  requirements 
that  FEMA  imposes  in  alluvial  fan  zones.  FEMA  enforces  its 
alluvial  fan  regulations  by  requiring  a  developer  to  provide 
protection  from  flooding  for  the  computed  probability  lOO-year 
event  ememating  from  the  entire  drainage  area  tributary  to  the 
proposed  development.  The  developer  must  do  this  without 
diverting  or  discharging  concentrated  flows  onto  any  adjacent 
property  in  order  to  obtain  a  letter  of  map  revision  from  FEMA. 

Without-Proiect  Designs.  Because  the  alluvial  fan  area  will 
develop  regardless  of  the  presence  or  absence  of  a  centralized 
flood  control  project,  the  project  con  claim  "Flood  Proofing 
Costs  Reduced"  benefits  for  the  difference  between  the  total 
costs  of  what  the  developeirs  would  build  piecemeal  to  meet  FEMA 
requirements  to  protect  their  individual  properties  amd  the  cost 
of  an  efficient  central  flood  control  system.  In  order  to 
estimate  this  cost,  it  was  necessary  to  produce  "without-project 
designs"  cf  what  the  developers  would  do. 

Property  ownership  on  the  alluvial  fane  consists  of  a 
patchwork  of  various  size  parcels.  It  was  assumed  that  each 
developer  would  design  and  build  a  flood  protection  system 
optimized  to  a  his  or  her  individual  parcel  size.  Because  flows 
may  not  be  diverted  onto  adjacent  properties,  they  must  be 
collected  at  the  upstream  side  of  a  given  property  and  conveyed 
through  the  parcel.  It  was  assumed  that  street  conveyance  would 
not  be  acceptable.  Because  FEMA  requirements  do  not  allow  the 
developer  to  discharge  concentrated  flows  onto  his  neighbors,  the 
design  must  ”re~disburse"  the  flood  flows  collected  at  the 
upstream  side  of  the  property  before  releasing  them. 

The  resulting  general  design  is  sometimes  referred  to  as  the 
"moat  plan".  It  consists  of  drop  inlet  collector  channels  at  the 
upstream  side  of  the  parcel,  conveyance  chamnels  around  and 
through  the  parcel,  and  dispersion  cheinnels  at  the  downstream 
side  of  the  parcel.  The  dispersion  channels  discharge  the  flows 


on  the  downstream  side  of  the  parcel  in  a  distribution  pattern 
similar  to  the  one  in  which  they  entered  at  the  upstream  side.  A 
series  of  desi«^T.s  for  various  standard  parcel  sizes  was  developed 
for  each  drainage  subarea  on  the  fan.  The  design  discharge  for 
each  design  was  based  upon  the  local  computed  probability  100- 
year  (70-year  expected  probedDility)  discharge  divided  by  the 
average  subarea  width  and  multiplied  by  the  length  normal  to  tlie 
flow  of  the  parcel  in  question. 

The  cost  of  each  design  was  estimated,  and  based  upon  the 
current  actual  distribution  of  parcel  sizes  in  each  drainage 
subarea  the  total  cost  of  the  decentralized  without-project 
system  was  determined.  The  costs  of  debris  control  in  the 
without  project  designs  were  ignored.  This  is  a  conservative 
assumption  from  the  point  of  view  of  project  economics. 

FEASIBILITy  DESIGN 

System  Overview.  The  proposed  project  consists  of  a  system 
of  four  inter-connected  detention  basins  (Red  Rock,  Blue  Diamond, 
Flauaingo  and  Tropicauia),  four  debris  basins,  and  eight  high 
velocity  concrete  chemnels  w’hich  provide  a  lOO-year  computed 
probability  level  of  flood  protection  on  tlie  alluvia]  fans 
draining  to  the  Flamingo  zmd  Tropicana  Washes.  The  system  will 
work  in  conjunction  with  a  locally  designed  "secondary"  system  of 
lateral  collector  channels  which  will  meet  specified  project 
performance  criteria.  Except  for  some  mitigation  features,  the 
structural  features  of  the  proposed  project  are  all  located  on 
the  alluvial  fans  west  of  most  of  the  current  intense  urban 
development.  While  these  features  will  greatly  alleviate  the 
current  urbein  flooding,  they  do  not  eliminate  it.  There  are  not 
sufficient  incremental  benefits  for  inundation  reduction  to 
justify  the  ncv;*.  .isary  improvements  through  most  of  the  current 
urbcin  area  draining  to  Las  Vegas  Wash  through  the  Flamingo  and 
Tropiccina  Washes.  The  proposed  project,  however,  wil]  make  iu 
possible  for  the  local  sponsor  to  manage  tixis  problem  indepen¬ 
dently.  R'^fer  to  Figure  2  for  a  schematic  of  the  proposed 
system.  ' 

Hydro locyy.  Each  element  of  the  project  design  is  sized  to 
handle  the  local,  computed  probability  lOO-year  discharge.  The 
flood  control  system  as  a  whole  has  been  sized  to  evenly  distrib¬ 
ute  the  "stress”  on  the  system  during  a  regional  lOO-year 
computed  probability  event.  Specifically,  the  storage  and 
outflow  characteristics  of  the  various  detention  basins  were 
adjusted  so  that  each  basin  would  have  a  similar  percentage  of 
storage  utilized  throughout  the  design  event. 

Collection.  Runoff  is  collected  into  the  system  in  one  of 
three  ways:  1) Directly  into  tlie  detention/debris  basins,  2) 
directly  into  the  high  velocity  concrete  main  channels  and  3 ) 
indirectly  into  the  main  channels  through  the  secondary  lateral 
collector  system. 
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The  first  two  collection  methods  are  fairly  straightforward, 
however  the  secondary  lateral  collection  system  is  rather 
unusual.  In  order  for  the  project  to  provide  the  benefits  it 
claims,  there  must  not  be  any  location  related  development 
constraints.  In  other  words,  once  the  system  is  completed, 
development  can  occur  anywhere  on  the  fan  without  the  need  to 
consider  what  other  development  has  taken  place.  In  order  for 
this  to  he  true,  all  of  the  lateral  collector  channels  must  be  in 
place  initially.  However,  because  the  fan  will  not  be  fully 
developed  until  25  years  after  the  project  is  completed,  there 
are  not  enough  benefits  to  support  the  initial  construction  of 
the  entire  final  lateral  system.  Therefore,  a  temporary  •'initial" 
lateral  system  will  be  constructed. 

The  initial  J.ateral  system  will  consist  of  simple  earthen 
trenches.  Its  purpose  will  be  to  divide  the  drainage  area  of  the 
fan  60  that  a  developer  v;ill  only  need  to  deal  with  the  runoff 
from  his  drainage  subarea.  These  initial  laterals  are  not 
expected  to  be  stable.  During  the  25  year  transition  period, 
some  of  these  cheinnels  will  experience  significant  runoff  events. 
They  will  probably  try  to  mccinder  by  bank  erosion  and  the 
rivulets  draining  to  them  will  probably  headcut  during  such 
events.  Because  the  adjacent  property  will  he  undeveloped 
however,  this  will  not  affect  their  contributio:n.  to  the  project 
benefits.  When  the  property  adjacent  to  a  given  initial  lateral 
is  developed,  at  that  time  the  final  lateral  will  be  installed. 
This  will  be  a  permanent,  stable  collector  of  some  kind.  The 
major  concerns  with  the  initial  lateral  channels  are  l)  whether 
they  will  tend  to  plug  with  sediment  during  a  design  event  and  2) 
the  amount  of  sediment  that  they  will  deliver  to  the  main  system. 

The  "Stable  Channels  Module"  of  the  SAM  program  was  used  to 
evaluate  the  stability  of  the  initial  lateral  channels.  The 
results  indicate  that  the  response  of  the  channels  will  be 
different  depending  upon  the  magnitude  of  the  flood  event. 

Smaller  events  will  tend  to  deposit  sediment  in  the  channels  but 
larger  events  such  as  the  design  event  will  tend  to  degrade  the 
channel  inverts  and  will  not  cause  significant:  blockage. 
Therefore,  the  conclusion  reached  was  that  the  lateral  system 
would  function  adequately  but  that  some  operation  and  maintenance 
expense  would  probably  be  required  until  the  filial  lateral  system 
is  fully  implemented. 

The  volume  of  sediment  that  v;iil  be  delivered  by  the  initial 
lateral  system  was  addressed  by  performing  a  sediment  budget 
analysis  for  the  design  flood  event.  Sheet  and  rill  erosion  on 
the  alluvial  fans  were  estimated  using  the  Universal  Soil  Loss 
and  Modified  Universal  Soil  Loss  equations.  Gully  erosion  was 
estimated  by  using  a  method  developed  .by  the  Soil  Conservation 
Service  and  published  in  ASCE  Manual  54.  Bed  degradation  within 
tlie  laterals  v-as  estimated  using  HEC-6.  Bank  erosion  in  the 
initial  laterals  v/as  not  independently  estimated.  It  was  found 
that  the  sediment  sux^ply  to  the  initial  laterals  from  all  other 
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sources  was  generally  less  than  the  transport  capacity  of  the 
laterals,  consequently  it  was  assumed  that  the  difference  would 
be  made  up  by  bank  erosion.  Effectively,  the  estimate  of  the 
material  delivered  by  the  laterals  is  tiierefore  equal  to  their 
sediment  transport  capacity. 

The  initial  and  final  secondary  lateral  collector  channels 
will  be  designed  and  constructed  by  the  local  sponsor  or  under 
their  direction.  The  Corps  will  provide  specific  performance 
criteria  but  will  rot  otherwise  constrain  the  design.  This  will 
make  it  possible  for  the  final  lateral  channels  to  be  integrated 
into  the  final  development  in  a  manner  that  is  most  acceptable  to 
the  local  interests.  The  laterals  could  easily  be  designed  to 
serve  additional  purposes  such  as  parks,  walking  trails,  golf 
courses ,  etc . . . 

Debris  Management.  One  of  the  most  important  considercitioro 
in  designing  a  flood  control  system  on  an  alluvial  fan  is  the 
management  of  debris  at  the  upstream  project  inlets.  A 
centralized  flood  control  system  must  halt  the  natural  process  of 
sediment  deposition  over  a  widespread  fan  shaped  area.  In  an 
urban  setting  this  natxiral  process  is  extremely  destructive.  In 
addition,  this  particular  system  must  also  deal  with  sediment 
which  is  generated  on  the  fern  itself  during  the  initial  25  year 
perxcd.  before  the  fail  becozues  compj.etely  developed. 

The  design  which  is  proposed  for  the  Flanxngo-Tropicana 
Washes  is  a  debrj.s  basin-high  velocity  concrete  chamiel  system. 
This  type  of  system  is  used  extensively  throughout  the  Los 
Angeles  District,  particularly  in  the  Los  Angeles  metropolitan 
area.  It  is  a  well  tested,  highly  reliable  concept. 

The  most  critical  part  of  this  concept  is  the  debris  basin. 
The  debris  basin  must  be  designed  and  sized  to  induce  sediment  to 
deposit  in  such  a  way  that  it  halts  the  natxiral  process  of 
channel  avulsion  at  the  apex  of  the  alluvial  fan  for  events  up  to 
the  design  event.  In  the  Los  Angeles  District,  debris  basins  are 
usually  designed  and  sized  empirically.  The  empirical  relation;; 
are  based  upon  experience  with  over  eighty  existiiig  debris  and 
detention  basins,  mostly  located  in  tlie  Los  Angeles  area.  Using 
basin  clean-out  records,  regression  analyses  have  been  ]Dcrformed 
which  provide  relationships  between  debris  yield  and  a  number  of 
pertinent  parameters  for  specific  flood  events.  This  procedure 
was  used  to  determine  the  lOO-year  computed  probability  de*..rir. 
yield  for  the  debris  basins  and  Mpst'.re.v.m  detention  basins 
proposed  for  the  Flamingo-Tropicana  WaB)xes  project. 

•Another  important  empirical  cbservatioa  is  tiiat  generally 
the  sediment  deposits  v;hich  have  filled  the  Gristing  debris 
basins  have  slopes  which  are  approximately  one  hoJ.f  of  thx 
rjatural  stream  slope-  Common  sense  dictates  that  once  a  debris 
basin  bccomc^s  filled,  the  slope  of  the  .scdim-mt  in  the  debris 
basin  will  approach  that  of  the  natural  strc'-am  bed  asymptotirr-tlly 
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as  time  pasBes,  But  for  the  short  duration  events  experienced  in 
the  Los  Angeles  District,  the  slopes  rarely  exceed  the  one  ha].f  of 
the  natural  slope  rule.  In  coinbination  with  the  storage- 
elevation  characteristics  of  each  debris  basin  site  end  the 
estimated  debris  production,  this  rule  was  used  to  determine  the 
required  debris  basin  embanJoaont.  heights  or  pit  depths. 

Where  site  conditions  pezmiit,  it  Is  generally  preferable  to 
limit  the  debris  basin  embankment  heights  to  under  six  feet. 

This  can  be  done  by  excevating  rather  than  raising  the  emibankment 
to  provide  storage.  By  keeping  the  embanionent  lo\i)',  the 
consequences  associated  with  ei^anlnnent  failure  can  be  minimized 
and  the  oonstroiction  of  an  emergency  spillway  ce.a  be  avoided. 

This  design  approach  was  possible  wiidx  two  of  the  four  debris 
basins  in  the  proposed  Flaniingo-Tropicajja  system. 

The  second  part  of  the  system  is  the  high  velocity  concrete 
channel.  High  velocity  chamisls  were  selected  for  this  system 
for  reasons  outlined  belov;  under  the  conveyance  heading  of  th.is 
paper.  From  the  point  of  view  of  debris  management  however,  tnoy 
are  highly  desirable  for  two  reasons.  First,  they  eliminate  the 
channels  themselves  as  a  soiaroe  of  debris  because  they  preclude 
channel  erosion  euid  the  growth  of  vegetation.  SecoTjd,  because  of 
their  high  sediment  transport  capacities,  they  can  easily 
transpoirt  St’diiaent  which  through  properly  sized  debris 

basins  or  which  enters  through  the  initial  lateral  col.lector 
system . 


Detention.  Detention  can  be  a  highly  cost  effective  measure 
in  an  alluv.lal  fan  environment  if  adequate  eites  cire  available. 
Tne  reason  foi  this  is  that  the  flood  hydx’ographs  generally  have 
high  peak  discharges  with  relatively  aittle  volume.  Provid.i.ng 
storage  ca.n  therefore  drastically  rcviuce  peak  discharges.  Unfor¬ 
tunately,  because  high  intensity  rarniali  can  occur  vety  locally, 
(i.e.  just  downstream  uf  the  detention  >iasin},  the  effects  cf 
this  r'cthod  of  reduction  are  veiy  locai.  In  the  -case  of  this 
project,  four  effective  detention  sx-'-.s  were  identified.  Two  are 
up-stream 'sites,  one  is  centrally  lccat<_d,  UiC?  one  is  at  the 
downstream  end  03“  the  major  structura?  in provements. 

Coeveyarice .  Conveyance  between  the  detention  basins  and  the 
point  of  vLirposal  foi’  the  j.ate.ral  •;ollectorf.  is  provided  by  a 
.neework  of  high  velocity  concrete  channel o.  Tlvls  part  o.'.  the 
syr.t..n  is  pr'.>bc:biy  the  most  controversial.  Other  types  of  chan¬ 
nel;  •  are  citen  preferable  for  aesthetic:,  environmental  or  the 
desire  fox:  mu3.tip?.G  use  reasons.  from  a  pu.xely  fxcod  control 
point  of  view,  nowever,  this  type  of  chaimel  is  usually  the  most 
cost  effective  and  re]  on  an  alluvial  fair. 

Thc'  main  alternative,  to  a  high  velocity  concrete  channel  js 
a  rrott  bottom  cxbyiuiel.  Because  of  steep  slopes  on  alluvial  fans, 
a  soft  bottom  caarmei  would  have  to  be  relatiVvS,)  y  wide  and  would 
require  mar.y  d.iop  structujres.  Construction  costs  can  be  just  as 
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hiljh  as  for  concrete  channels  and  land  costs  arc  usually  much 
higher.  Wide,  soft  bottom  channels  are  lass  reliable  becauso  of 
the  pr^tentiai  for  a  meandering  low  flov/  channel  to  develop  which 
can  attack  the  channel  boi.tndaries.  The  side  slope  revetment 
would  require  deep  toe  do’-ms  to  prouect  against  this.  In  ac'di- 
tion,  bridges  over  tnis  tj^e  of  channel  would  require  relatively 
long  spans  vitli  maiiy  piers  in  the  flow  Cthe  alternative  i.c  a  dip 
crossing  which  is  very  unsafe  in  an  urban  area).  Soft  bottom 
channels  rerpaire  regular  clearing  wi'.iah  can  be  costly  and  is 
often  controvereial  in  itself.  Vegetation  in  the  channels  car 
also  cause  trash  problems  at  bridge  piers  and  other  structures  in 
the  flov7.  Because  they  have  moveable  boundaries  and  r^’.latively 
low  sediment  crarisport  capacities,  soft  bottom  channels  can 
develop  local  deposition  and  scour  problems  at  confluences,  side 
drain  inlets,  bends  and  bridges  which  makes  1diem  less  reliable. 
For  these  reasons  the  high  velocity  concrete  channels  were 
selected  as  tlic  basis  for  establishing  the  limit  of  federal 
interest  in  tl)e  proiect. 


One  cf  the  high  velcoi.ty  oharir.cls  is  actually  a  d.i  version 
channel.  This  chaniiel  diverts  the  outflow’  fron  the  Flnmingo 
Detention  Basir  from  Flamingo  WV.sh  to  the  Tropicana  Detention 
Basin  which  dischargee  into  Tropicana  Wash.  This  alignment 
modif icution  accomplishes  owo  things r  1)  it  bypasses  flood  flows 
arou:.'’.d  t h .  constricted  reach  cf  I'^nmingo  Wash  thus 


JPV'act:  Mitigation.  'Die  principal  adverse  impact  of  the 
prcoect  ;l.e  tb.at  low  peak,  long  duration  (eight  days  for  the 
cie;",:-g7i  event)  clear  water  discharges  Xi^ill  be  released  from  the 
Troyjicana  Detention  Basin  into  T’ropicana  Wasli,  This  will  result 
in  o'  pattern  of  aggradstioxi  and  degradation  in  the  downstream 
channel  that  is  generally  more  severe  than  under  pre-project 
conaitions.  To  mitigate  for  this  condition  a  combination  of 
grade  control  end  bank  protection  measures  will  be  installed  in 
Trop.icana  and  Flamingo  Washes  xiovjnstream  of  Triopicana  Basin. 


Greater-"  '.han-desi'jn  K vents .  Certain  features  have  been 
incorporated  into  the  project  design  to  accommodav.?  greater  than 
design  events.  The  secondary  lateral  collection  eyrtem  will  be 
designed  tc  preclude  greater  tlian  design  events  fx'om  entering  the 
system.  Open  channels  will  be  designed  w’itlxout  freeboard  and 
pressux'G  flow  side  drains  w’ill  not  be  overtisoed.  The  main 
channels  are  aligned  parallel  to  the  natural.  pre'’-}>roject'.  flow 
path.s  to  the  extent  possible  to  avoid  i.ntercepting  ri^norf  from 
gr-^ater  than  design  events.  This  is  not  always  x^ossible,  hov/ev- 
er,  EC  the  design  will  include  reaches  v’ith  overtopping  ^ones  to 
allow  flows  ivhi.ch  exceed  the  channel  design  capacity  to  escape 
the  system.  These  zones  will  generally  be  located  wheie  the 
ohannels  cross  che  natural  flow  pttths.  All  of  the  detention 
basins  emd  debris  basins  w’ith  embankments  will  Lave  spillwayE: 


y~b 


capable  of  passing  t.he  piobable  maxirnmn  flood. 

COKCLUdlON 

The  proposed  project  con .5 is ting  of  a  series  of  debris  and 
detention  basins  interconnected  by  high  velocity  concrete 
channels  is  efficient  and  cost  effective.  It  provides  a  point  of 
disposal  for  a  ICO-year  computed  probability  flood  control  system 
on  the  alluvial  ferns  in  Clark  County  west  of  the  city  of  I>as 
Vegas,  Nevada.  It  also  significantly  reduces  the  flood  problem 
along  Fiaiuingo  tind  Tropicana  Washes  v/ithi.n  Las  Vegas.  The  design 
considers  debris  and  sediment  movewent,  greater  than  design  flood 
conditions  and  the  dowistream  adverse  impacts  due  to  long 
duration  low  peak  discharge  releases. 


Numerical  Simulation  of  Mudflows  from  Hypothetical 
Failures  of  the  Castle  Lake  Debris  Blockage 
Near  Mount  St.  Helens,  WA 


Presented  By 

Gary  W.  Brunner,  M.S.,  P.E. 
'vJ.S.  Army  Corps  of  Engineers 
Hydrologic  Engineering  Center 
609  Second  Street 
Davis,  California  9561 6 


10-1 


Foreword  and  Credits 


This  report  was  prepared  at  the  reque  st  of  the  Hydrologic  and  River  Engineering  Section  of  the 
Portland  District,  U.S.  Army  Corps  of  Engineers.  The  HEC  was  asked  to  assist  in  the  assessment  of 
tiypothetica!  mudflow  events  that  might  occur  ir  the  debris  blockage  presently  containing  Castle  Lake 
near  Mount  St.  Helens,  WA  were  to  fail.  T he  Portland  District  Corps  of  Engineers,  at  the  request  of  the 
U.S.  Forest  Service  (managers  of  the  Mount  St.  Helens  National  Volcanic  Monument),  undertook  their 
initial  studies  in  19S8  tc  analyze  ttie  existing  conditions  of  tne  blockage,  determine  the  degree  of  risk 
for  downsnream  flooding  posed  by  Castle  Lake,  evaiuate  alternatMes  to  reduce  that  risk,  and 
reco.Time.'id  a  solution  for  reducing  tlie  risk.  The  primary  purpose  of  this  study  was  to  ostimato  the 
potential  for  f landing  downstreani  f.'-om  the  Corps’  Sediment  Retention  Structure  (SRS)  for  various 
hypothetical  lake  breaching  scenarios.  It  is  not  the  intent  of  this  investigation  to  evaluate  any  aspect 
of  the  risk  of  failure.  It  meraiy  quantifies  the  downstream  flood  potential  for  various  hypothetical 
bleaching  scenarios.  Results  from  this  investigation  are  to  be  used  by  USFS  and  USAGE  managers 
to  decide  v/hat  afternatives  may  Le  effective  in  reducing  the  flor>ding  potential  in  communities 
downstream  from  the  SRS. 


Infomration  and  data  used  during  this  investigation  and  presented  in  this  report  v;or0  obtained  from 
the  Portland  District  Corps  of  Engineers,  the  U.S.  Forest  Service,  the  U  S.  Geologicsii  Suc.-ey  and  tfio 
Vvashingtor.  State  Department  cf  Ecology. 


Robert  C.  MacAithur ,  Gary  Brunner  and  Doug  Hantilton  conducted  the  irivestigation  anri  wrote  this 
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igineeiiny  C*i  lier  !>  i  Davis,  UA. 
Doug  Hamilton  is  a  principal  engineer  with  RIv'ERTECH,  Inc.  in  Laguna  Hills,  CA  and  provided 
technical  assistance  to  the  Hydrologic  Engineering  Center  during  this  inve.stlgation.  Ron  Mason  wa.s 
the  Project  Manager  for  tiie  Portland  District  Corps  of  Engineers  and  Mr.  John  Steward  was  the 
Project  Manager  for  the  U.S.  Foiest  Service.  Vernon  Bonner  w.as  the  Chief  of  the  Training  Division 
during  the  study  and  Mr.  Darryl  Davis  was  the  Director  of  tfte  Hydrologic  Engineering  Center  during 
the  investigation. 


The  investigation  reported  herein  was  conducted  by  the  Hydrologic  Engineenng  Center  in  Davis, 
California  at  the  request  of  the  Portland  District,  Corps  of  Engineers  and  the  Gifford  Pinchot  National 
Forest.  U.S.  Forest  Service,  Funding  for  this  study  w'as  provided  by  the  U.S.  Forest  Service. 
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Numerical  SSmulaiion  of  Mudflows  from  Hypothetical 
Failures  the  Castle  Lake  Debris  Blockage 
Near  Mount  St.  Helens,  WA 


1.  Study  Purpose 

TTie  May  113,  1980  eruption  of  Mount  Kt.  Helens.  WA,  produced  a  debris  avalanche  that  flowed 
down  the  North  Fork  Toutle  River  damming  several  trib'Jtary  streams.  The  blockage  at  the  confluence 
of  South  Fork  Castle  Creek  and  Castle  Creek  produced  a  natural  debris  dam  approximately  190  feet 
high.  Figure  1  shows  the  general  study  area  near  Mount  St.’  Helens  and  the  lo:;ation  of  Castle  Lake. 
Snow  melt  and  runoff  waters  captured  behind  the  blockage  quickly  formed  a  lake.  To  prevent 
overtopping  and  a  potentially  catastrophic  failure  of  the  blockage  retaining  Castle  Lake,  the  U.S.  Army 
Corps  of  f-ngineers  (USACE)  constnreted  an  emergency  spillway  in  October  1981  at  the  eastern  end 
of  the  blov'kage  to  stabilize  the  lake  at  elevation  2,577  feet  NGVD.  Studies  by  the  U.S.  Geological 
Survey  (USGS)  indicated  that  the  blockage  is  potentially  unstable  against  failu.'e  from  piping  due  to 
heave  and  internal  erosion  when  groundwater  levels  are  seasonally  high’  and  that  an  earthquake  of 
6.8  or  greater  might  initiate  such  a  failure  (Laenen  and  Crzoi,  193/0.  If  the  Castle  Lalte  blockage  were 
to  fail  rapidly  by  the  mechanism  suggested  by  the  USGS,  approximately  18,500  acre-feet  (AF)  of 
stored  water  irt  the  lake  could  create  a  mudflow  flood  ovent  in  the  North  Fork  Toutle  River.  The  USGS 
(Lacnen  and  C/zol,  1987)  35tliriaies  trial  an  event  of  this  nature  could  result  in  a  peak  discharge  of 
2,100,000  cfs  at  the  Corps’  N-1  debris  retention  dam  ten  miies  downstream  from  Castle  Lake  (see 
Figure  1)  and  possibly  lead  to  downstream  flooding. 

In  the  wake  of  the  Mount  St.  Helens  eruption,  the  Corps  developed  a  long-term  flood  control  and 
navigtjfion  maintenance  plan.  A  major  component  of  that  plan  is  the  $56.5  million  Sediment  Retention 
Sfruciuro  (3RS)  designed  to  trap  the  huge  amounts  of  sediment  expected  to  continue  1  move  down 
tfie  North  Fot1<  Toiitie  River.  Tho  SR5  was  designed  to  capture  runoff-induced  sediment  from  the  blast 
zone,  thus  preventing  secliment  depos.ition  in  the  Cowlitz  and  Columbia  Rivers.  Without  tho  SR3, 
Srzdimcnt  mateiiais  could  continue  to  accumulate  in  tne  rivers  below  the  SRS  thus  reducing  their  flood 
routing  and  navigation  capacities.  Tnare  was  additional  concern  that  failure  of  the  Castle  Lake 
blockage  resuiting  iri  the  possible  occufrence  of  a  mudtlr.w  event  could  jeopardize  tlio  safety  and 
performance  of  lito  SRS  or  peihaps  lead  to  flooding  in  communities  downstream  from  tfi©  SRS. 

The  purpose  of  this  study  is  tc  evaluate  the  hydraulic  characteristics  of  mudflow  events  resulting 
from  the  hypothetical  laiiuro  of  Castle  L.ekg  and  to  examir^e  the  ability  of  rlie  SFIS  to  capture  and  pass 
such  event.s  vfirough  its  spiiiwey  for  various  initial  conditions  at  Castle  Lake  and  in  the  SRS.  More 
speciiicaliy,  the  study  iJ;  to:  (it  deionmine  if  flows  will  exceed  the  present  spillway  capacity  of  the  SRS. 
(2)  detofiriine  if  the  S.RS  will  be  ov'  rtopped  during  various  breading  scenarios,  (3)  estii  nato  how  the 
peak  discharge  in  communities  downstream  f.'-om  the  SRS  will  be  affected  by  the  prcserica  of  tho 
SH5,  (4)  evaiuntG  the  rouiing  effects  on  the  resulting  mudflow  hydrographs  due  to  lowering  the  Initial 
Cnstio  Lake  Icvrils  at  tho  time  of  breaching,  and  (5)  ovaluate  the  pertonnance  of  the  SRS  during  these 
various  events  when  the  SRS  is  empty  of  water  and  sodiinent  (existing  conditions),  or  full  of  aedirneni 
deposits  .up  to  the  spillway  crest. 
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Figure  1 

General  Study  Area 


2.  Approach 

The  Hydrologic  Engineering  Center  (HEC)  conducted  this  investigation  in  two  phases.  The  first 
phase,  a  reconnaissance  level  investigation,  included  a  field  inspection  of  the  Mount  St.  Helens 
National  Volcanic  Monument,  the  Castle  Lake  debris  blockage  area  and  valley  sections  downstream 
from  the  blockage  all  the  way  to  the  SRS.  HEC  staff  attended  two  days  of  meetings  with  project 
personnel  from  the  Portland  District  USAGE  and  the  U.S.  Forest  Service  to  discuss  the  background  of 
the  problem,  concerns  they  and  other  Federal  and  State  agencies  had  for  the  safety  of  the  blockage, 
and  to  outline  technical  procedures  for  conducting  the  analytical  investigation.  The  Phase  1 
investigation  also  included  a  thorough  literature  investigation  and  a  Veconnaissance-level’ 

(preliminary)  mudflow  routing  investigation.  Results  from  the  Phase  1  studies  were  presented  to 
pi-oject  managers  from  the  USGS,  USFS,  State  of  Washington  Department  of  Ecology  and  Dam  Safety 
(SWDE)  and  the  Portland  District  USAGE,  The  results  were  used  to  formulate  an  agreed-upon 
analytical  approach  anu  ranges  of  broaching  and  mudflow  bulking  parameters  to  be  used  during  the 
Phase  2  studies.  The  remainder  of  thi.s  report  concentrates  on  the  procedures  and  results  from  the 
Phase  2  inves'igation. 

The  Phase  2  investigation  included  the  development  of  enc.'-gy  based  procedures  for  bulking  and 
Hcbulking  the  dam  break  flows  from  hypothetical  breaching  of  the  Castle  Lake  blockage.  The  National 
Weati  ier  Service's  BREACH  model  (Fread,  1989)  was  used  to  develop  breach  outflow  hydrographs  for 
t'everal  ti'pes  of  breaching  scenarios,  and  various  lake  levels.  BREACH  is  a  physically  based  model 
that  uses  soil  properties,  sediment  transport  functions,  and  hydraulic  computations  to  predict  the 
breach  characteristics  and  the  discharge  hydrograpn  emanating  from  a  breaching  earthen  dam  or 
debris  blockage.  The  critical  breaching  time  (defined  as  the  time  from  the  beginning  of  a  major  rise  in 
tluj  outflow  hydrograph  until  the  time  of  the  peak  flow  out  of  the  breacfi)  for  piping  and  heave  failures  . 
w.is  determined  to  be  approximately  15  minutes.  Hydrographs  were  developed  for  three  different 
initial  water  suiface  elevations  in  Castle  Lake:  (1)  2,580  feet  above  NGVD,  (2)  the  lake  lowered  30  feet 
to  2,550  NGVD  and  (3)  the  lake  lowered  60  feet  to  2,520  NGVD.  The  National  Weatiior  Service's 
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DAMBRK  model  (Fread  i989)  v/as  used  to  route  the  dambreach  hydrographs  down  valley,  through  the 
Sedir  ent  Retention  Structure  (SRS).  and  continuing  down  to  the  Columbia  river.  Energy  based 
procedures  were  developed  to  simulate  the  bulking  up  of  the  flows  via  a  series  of  lateral  Infiov/ 
hydrogtaphs.  The  hydrographs  were  shaped  and  positioned  along  the  routing  reach  so  as  to  provide 
the  appropriate  timing  and  volume  of  the  lateral  inflow  according  to  the  magnitude  of  the  primary  flood 
wave  in  the  channel.  Breakout  hydrographs  and  associated  lateral  bulking  hydrographs  were 
developed  for  three  initial  lake  levels  in  Castle  Lake  and  for  two  different  breaching  scenarios:  (1)  a 
piping  failure  due  to  heave  as  per  the  USGS’s  report  by  Laenen  and  Orzol  (1987),  and  (2)  a  piping 
failure  positioned  over  the  historical  South  Fork  Castle  Creek  outlet  channel  (referred  to  as  the  HEC 
Breaching  Scenario).  Downstreani  bulking  of  the  flows  depends  on  the  initial  volume  and  duration  of 
the  outflow  hydrograph,  on  the  breaching  mechanisms  and  on  the  valley  soil  propehies  and  water 
content,  Soil  samples  were  collected  from  the  downstream  valley  debris  deposits  by  the  USGS 
(Meyer  and  Dodge,  1988)  and  the  Corps  of  Engineers  (U3ACE,  1984  and  unpublished  data,  US.ACE, 

1 990).  A  range  of  measured  values  for  the  key  parameters  used  to  determine  bulking  and  mudflow 
characteristics,  such  as  porosity',  percent  saturation,  and  expected  sediment  concentratiens,  were 
developed.  A  Momo  Carlo  weighting  technique  (Schaefer  1990)  was  utilized  to  determine  the  most 
probable  combination  of  these  parameters.  From  the  results  of  the  Monte  Carlo  simulations,  high, 
medium,  and  low  Bulking  Factors  were  selected  as  a  range  of  probable  values  for  the  sensrlpvity 
analysis  that  was  conducted  by  HEC. 

Final  breaching  and  routing  simulations  were  conducted  based  on  what  is  referred  to  throughout 
the  remainder  of  the  report  as  *ths  HEC  Breaching  and  Bulking  Scenarios.*  They  represent  the 
breaching  and  bulking  chaiacteristics  recommended  and  agreed  upon  by  the  Corps  of  Engineers  and 
the  U.S.  Forest  Service. 


2.1  Physical  Setting 

The  Soiith  Fork  of  Castle  Creek  is  a  perennial  stream  that  drains  an  area  of  2,8  square  miles  on  the 
northwest  flank  of  Mount  St.  Helens.  The  Castle  Lake  blockage  is  located  at  the  confhience  of  South 
Castle  Creek  and  Castle  Creek,  a  tributary  to  the  North  Fork  Toutle  River,  approximately  48  and  60 
miles  upstream  from  the  communities  of  Castle  Rock  and  Longview-KeIso,WA,  respectively.  Castle 
Creek  was  blocked  by  a  debris  avalanche  that  occurred  during  the  May  18,  1980  eruption  of  Mount 
St.  Helens,  WA.  Figures  2  and  3  show  the  approximate  pre-eruption  and  post-eruption  topography  of 
the  Castle  Lake  study  area.  Avalanche  materials  formed  a  blockage  approximately  2,000  feet  long  at 
the  crest  and  is  bounded  by  bedrock  ridges  on  either  end  and  averages  about  1 ,400  feet  wide  from 
lake  shore  tp  the  downstream  toe.  Figure  4  shows  a  typical  cross  section  taken  through  the  debris 
blockage.  The  blockage  has  a  maximum  height  of  190  feet  measured  from  the  crest  to  the  toe  and  80 
feet  from  the  crest  to  the  lake  surface. 

The  blockage  consists  of  two  major  lithologic  units  which  the  UGGS  refers  to  as  the  ancestral  dacite 
unit  and  the  modern  dacite,  andesite,  and  basalt  unit.  The  modem  (1980  eruption)  mate.rials  are 
unsorted,  mostly  unstratified  mixtures  of  avaLnche  materials,  ranging  in  size  from  silt-  and  clay-sized 
particles  to  large  clasts  more  than  5  feet  in  diameter.  Slopes  from  the  crest  toward  the  lake  are 
un'rform  and  average  IV  on  4h.  Slopes  from  the  crest  toward  Castle  Creek  are  more  varied  and  range 
from  IV  on  10H  to  IV  on  2H.  with  the  steepest  downstream  slopes  on  the  western  edge  of  the 
blockage.  Vertical  thickness  of  the  debris  blockage  ranges  from  0  to  250  feet  and  averages  more 
than  50  feet  thick.  Location  of  the  deepest  zone  of  avalanche  materials  corresponds  to  the  former 
location  of  the  pre-eruption  South  Fork  Castle  Creek  alignment.  It  is  believed  that  the  old  South  Fork 
Castle  Creek  r 'ignment  resulted  from  breaching  and  erosio.n  of  prehistoric  avalanche  deposits  that 
formed  there  c  uring  an  earlier  eruption  and  blockage  sequence  that  occurred  some  2,000  to  3,000 
years  ago.  The  original  suhace  of  the  prehistoric  valley  deposits  was  eroded  except  .'c;  the  flat 
swampy  area  referred  to  as  Castle  Creek  Marsh  in  Figure  2.  The  marsh  may  have  been  a  remnant 
from  the  former  prehistoric  Castle  Lake  bed. 
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Following  the  1930  eaiption,  a  new  laKe  began  forming  directly  behind  the  debris  blockage 
materials  and  attained  a  volume  of  approximately  19,000  acre-feet  before  an  emergency  spillway  could 
bo  constructed  by  ;ne  Corps  of  Engineers  lO  1981  to  prevent  possible  overtopping.  Installation  of  the 
splllv/ay  at  the  eastern  edge  of  the  blockage  stabilized  tha  lake  elevation  at  2.577  feet  above  NGVD 
(see  Figure  4).  At  this  elevation,  the  maximum  depth  in  the  lake  is  110  feet  deep  and  contains 
approximately  18,500  acre-feet  of  water. 


2.2  Chai'acterisiics  of  Landslide  Dams 

According  to  Cosla  and  Schuster  (l98o)  landslide  dams  form  in  a  wide  range  of  physiograpfiic 
settings.  The  inost  common  types  of  mass  movements  that  can  form  landslide  dams  include  soil 
slumps  and  .slidesi  mud,  debris  and  earth  flows;  and  rock  and  debris  avalanches  such  as  those  tfiat 
oocumed  during  the  K-’BO  Mount  St  Helens  eruption.  The  most  common  initiation  mechanisms  for 
potential  dam-forming  landslides  are  excessive  rainfall,  rapid  snow  rnclr,  earthquakes  and  vclranic 
eruptions. 

Figure  5  shews  that  most  landslide  and  debris  bloc!;ags  dams  are  very  short  lived.  Costa  and 
Schuster  (1986)  report  that  for  the  documented  cases  they  studied,  22.  percent  of  il'S  landslide 
dams  failed  In  less  than  1  day  after  formation  and  that  h'',!f  failed  within  a  pericxl  of  1 0  days.  Less 
than  10  percent  of  tha  natural  debris  blockage  dams  last  mors  titan  1  year.  Tire;,  also  repo:t  that  the 
most  frequent  mode  of  fa’iuro  with  debris  blockage  clams  is  by  ovenopping.  Figure  6  is  adapted  from 
Costa  and  Scitusior,  16?6  and  shov/s  that  more  than  r>C  ptroent  of  iho  documented  debris  and 
landslide  dams  failed  due  to  ovft.'tcrnping.  The  Q.'.'Cuo'e.noQ  of  a  pa-dicular  da.Ts  failure  znd  t'is 
ntagnituda  of  resufeing  fiooas  are  p.''edicated  by  tire  size  of  the  blockage,  its  geometric  cf-ar'acteristics 
(size  and  doptii  of  the  impoundment,  and  size  and  shape  of  the  blockage),  the  propertios  of  the 
blockage  materials,  the  rate  ol  filling  of  the  impoundment,  the  volumes  of  the  trapped  v/ctei,  bsdrcx:i',  or 
engineered  controls  sucit  as  spillways,  Krnnols  snd  diversions. 

Tho  Castle  Lake  blockage  was  ton  years  old  in  May,  1991)  and  appears  to  do  stabio  under  he 
present  conditions.  Groundwater  levels  in  the  blockage  and  seeps  along  t'no  dr/.vnsireani  face  of  thu 
blockage  f.ave  been  monitored  since  the  eruption.  According  to  the  Corps’  GeotocfmicaJ  Branch 
(pemonal  communication,  1990),  they  have  seen  no  field  evidence  of  ui  istablc*  conditions  in  tho 
blockage  materials  since  tha  installation  of  th.e  spillway.  Tire  Corps  (.;i  Engineers  'Engineering  wiofysis 
arid  Aliamativa  Evaluatior/  ropoit  (1988)  concludes  that:  (1)  t.ho  risk  associated  with  a  single  event 
reading  to  the  failure  of  Castle  Lake  in  Its  existing  condition  is  tow;  (2)  ti‘,o  G.xisting  blockage  is 
significantly  larger  t.han  the  "minimum  embanknicnt  section'  necessary  to  Kafe^/  rela.iii  Castle  Lal.e;  ^3) 
local  areas  of  instability  exist  v/iltrin  the  blookayo,  bowevoi,  tness  aicas  are  oulsido  the  minimum 
embariKrnenL  section;  (4)  no  roalistic  failure  mechanism  or  .sv.onorio  could  bo  developed  Uiat  would 
lead  to  tho  sudden,  catastrophic  release  of  Castle  Izike  based  upon  assurnod  parameters  tDtfC-  to  tl  :o 
largo  numbor  ol  variablos  invoked  and  uncertaintios  associated  with  each,  however,  it  is  not  possible 
to  complotely  elirniriate  ail  risk),  arid  (5)  tho  blockage  oxi.st.s  In  an  erivironmo.'-it  wherr;  t-apid  changc-.s 
are  possible  (erosion,  eariiiquakeo,  floods,  volcanic  eruptions,  etc.),  Moniio,ing  end  rnainteiianco  ae 
necessary  to  ensure  that  the  design  a.ssumptions  th.jt  led  to  the  above  coi  iC’lusions  reruain  valid. 

The  irivastigaiion  reported  tieroin  is  intended  to  estimate  the  potential  for  flocKjing  downstream  from 
tiic  Corps'  Sediment  Retention  Structure  fur  various  hyprjihe'ical  lake*  broriuhing  sccnarir^s.  it  Is  not 
the  Intent  of  fii::  Investigafion  to  c■vai^.latc  any  asivset  of  the  rinl;  of  failure,  it  mutely  quantifies  itio 
downstream  flood  potential  for  variou.s  hypotitctical  brortching  .sconorios. 
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Figure  6 

hAc4cs  of  FaJlurc  of.  i..aiidslic!e  Dmus,  Based  on  103  Casw 
frciii  the  LitciaiMie  (Adapn^d  froin  Schuster,  1986) 


^.3  Information  and  Data  Sources 


Data  collaction  for  tho  Phase  1  portion  ot  this  investigation  began  with  a  field  Invostigation  cf  the 
Castle  l^kp  blockage  and  the  downstream  channels  in  November  1989.  The  field  Invesiigation 
provided  a  rea'isiic  perspective  on  the  characteristics  of  the  debris  blockage,  the  locaticn  of  tho 
historical  South  Fork  Castle  Creek,  tfie  characteristics  and  physical  features  of  the  dowivalley 
deposits  end  the  amount  ot  sediment  and  debris  available  for  flow  bulking  during  high  flow  events. 
Many  photographs  were  taken  of  the  cnannel  and  valley  sections  along  Castle  Creek  below  the 
blockage.  Manning’s  n-values  were  for  diffetent  sections  along  the  channe'  and  overbanks. 

Ootailed  maps  and  aerial  photographs  were  ot.ained  Porn  tna  Portland  District  USAGE  and  from  the 
U.S.  Forest  Service.  The  triaps  and  aerial  pl.ot'vs  cover  tne  atea  from  the  Castle  Lake  deb.-i''^  blockage 
down  to  the  SRS.  Cu.-vcyed  cross  sections  wem  also  obtained  from  the  Portland  Distict  LISACE  and 
from  the  USGS  Open-File  87-fi49  Ijy  Meyer  artcJ  Dodge  (1980).  Tfiese  data  were  used  to  develop  47 
cross  sections  between  Castle  Lake  and  the  SRS  and  90  cross  sections  from  the  SRS  to  the 
Columbia  River.  The  cross  sections  describe  the  channel  and  valley  morphology  required  by  the 
unsteady  flow  routing  model  developed  for  the  study  reach  from  Castle  l.ake  to  tho  SRS  and  from  the 
SRS  to  the  Colurribia  River.  Dimensions^  and  detailed  hydraulic  intormrhon  about  the  Sediment 
Retention  Structu.©  (S.RS)  and  its  spillway  and  ouFei  works  were  taken  from  the  Corps'  final  design 
manuals  for  Hi©  structure.  These  data  included  volume  clvovatbn  inioi  i‘«iatiori,  recently  surveyed 
sediment  levels  behind  tfie  structure,  and  elevation-ottflow  informatio' .  for  the  lo'.v  flo-.v  conduits  and 
emergency'  spillway. 

Dun,ig  the  course  of  this  study,  it  was  determined  that  updated  so  ls  information  was  required  to 
properly  estintate  the  flow  bulking  potential  that  e.xists  in  debris  deposits  downstream  fi-Q.m  Castle 
Lake,  ‘ihe  Portiand  District  sent  a  soi's  investigation  team  to  collect  sui.'  samples  and  to  measure  in 
situ  inaierial  properties  along  the  chm  inel  and  ovetloank  areas  below  Oastla  Lake.  Data  were  also 
coliected  along  the  debris  blockage  itse'f.  Tliis  information  was  used  to  determine  the  breaching 
characteristics  (critico!  time  to  breach  and  ultima's  breach  dimensions)  tor  the  debris  blockage.  These 
data  were  aiso  used  to  estimate  the  range  of  possible  bulking  factors  that  could  occur  downstream 
from  the  blockage  due  to  various  breaching  scenaitos. 

Information  anri  data  used  during  this  investigation  and  p-  esented  In  this  report  were  obtained  from 
reports,  papens  and  mateaals  provided  to  UEC  by  the  Portland  Disthet  Corps  ot  Engineers,  the  U.S. 
Fo.’est  Service,  the  U.S.  Geological  Survey  and  the  Washington  State  Department  of  Ecology. 


2.4  Breaching  Characteristics  ot  Ihe  Debris  Bloc.kaoe 

Figures  Z  and  6  show  that  most  debris  blockage  lakes  tail  v/itliin  one  year  of  their  foimntion  and  tfie 
most  common  failure  mechanism  is  by  overtopping.  By  installing  an  ern.a'gency'  spillway  in  1981,  tho 
Co!ps  of  Engineers  esseruiaiiy  eliminated  the  possibility  ot  an  overtopping  failuro  of  the  Castle  I  ako 
blockage.  Under  present  rond'hons,  ft.ilure  nl  r;-;??  debris  blockage  would  most  likely  occur  due  to  a 
■piping  type  failure.'  or  as  a  ’osutt  of  an  earthquake  occ'isiing  in  conjunclior;  writh  u  severe  hydrologic 
©vent  that  may  lead  to  a  ■i'leave  typo  failure*  (Laensn  and  Oszol,  1937).  One  of  tho  first  tasks  of  tho 
pficse  2  portion  of  this  investigation  was  to  «cfirri;;e  tho  range  of  possible  breach  sizes  and  critical 
breach  times.  Three  cliff  ©rent  methods  ware  used  to  <leterrnine  possible  breach  sizes  and  times.  Ttie 
first  two  methods  are  statistically  derived  ragiession  s;';uatior;.i,  fomnulstcd  by  MacDonald  and 
(oangridge-Monopolift  (1984)  ai'.cl  by  Froelich  (1987).  f3otfi  sets  of  equatior  s  aie  based  oii  actual  data 
horn  dozens  of  historic  dam  failures.  The  MacDon.'ild  and  Langridge’Monopolis  study  was  based  on 
data  from  42  rnan-made  earth  and  rockfill  darns  (30  enrt  ifili  and  12  tnat  we'e  a  comb  nation  of  oart.b, 
clay  cores,  rock  fill,  and  concrete  face.s).  The  F'oelich  study  included  data  from  43  man-inado  and 
landslide  formed  earth  dams.  Both  studies  rosuHect  in  a  soi  of  gr&phs  and  equations  that  can  bo 
used  to  p.'-edicl  the  approximate  size  of  the  breach  and  the  time  it  takes  for  tlie  breach  to  roach  its  full 
failure  size. 
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The  approach  for  eaiimating  breaching  chaiactoristics  of  the  debris  blockage  was  a  ohysicaiiy 
ba-'ed  computer  model  called  BREACH,  developed  by  Dr,  Danny  Frnad  (1989)  of  the  National 
Weather  Service.  ITio  breach  model  ucos  sedlniom  transport  and  hydraulic  routing  equations  to 
simulate  the  formulation  of  either  a  piping  or  over-tOf)ping  type  of  failure.  The  BREACH  computer 
mode!  requires  information  about  tire  physical  dimensions  of  tire  dam,  as  well  as  a  vpr^'  oetaiied 
description  of  the  soil  properties  of  tiie  darn  or  blockage  materials.  Ftequired  soils  information 
included: 

1.  DoO  (mm) 

2.  Porosity 

3.  Unit  Weight  Ob/ft^ 

4.  Inte.mai  Friction  Angle 

9.  Coliesrve  Strength  (Ib/it^) 

6.  D30,'D30 

These  parai .osiers  can  be  spscified  separately  for  the  inner  core  and  outside  bank  fi'.aiorlais  of  a  dam. 
In  t.he  case  of  the  Castle  lake  blockage,  the  inner  core  mater iai  was  assumerJ  to  be  ?he  ;'rvno  as  the 
outei’  banks.  For  this  study,  ttio  parameters  were  calculated  from  soH  sanijj!?.?  taker i  oy  tire  U339 
and  tha  Portiand  District  of  the  Corps  of  Engineers.  A  range  of  appropriate  values  was  extr.S'Oted  from 
she  field  data  A  sensitivity  analyses  was  performed  to  see  it  the  BREACH  mede!  would  ptu-iici 
Ciffereiit  breach  sizes  for  different  combinations  of  the  parameters.  The  sensiiK'ity  analysis  showed 
th.at  the  sae  of  the  breach  did  not  vary  signiricantiy  over  the  range  of  parameters  OKt  aciod  from  the 
field  data.  Table  t  shows  the  range  of  vali.tcs  used  in  the  sensitivity  anaiy.sis,  and  tiie  final  sei  of 
vsiues  urcri  for  this  study. 


Table  1.  Major  stfil  properties  «.scd  in  BRE^XH  inocleb 


;  PAll/cMETER 

VAJ.UH  UL/ED  1 

1.  D.'iO  (inin) 

1.0  -  9.0 

1.0 

1  2.  Punrsitj.' 

.34  -  .40 

J8 

1  3.  Urn'!  Weight  (lli/fi^j 

100  -  145 

125 

1 

j  4.  hiteina!  rriciion  A’lgle 

34  -  36 

35 

1  5,  Cfjhwivc  Strength  (Ib/ft^I 

1  -40’j 

200 

1  6.  1>'.AI,'D30 

10  -  125 

75 

Tfic.  ItfcMclriiig  d:aractetibiii:>.  for  cuih  niethod.  .ntong  vith  li't,  l.JSG^S  liu:\e  s.cenario  (So.wlopcd  by 
Liietrcn  acd  Oa.o)  art  jumrinn  ized  in  T'dl'Ii:  2.  Also  siiown  sre  the  itsultirtg  dca.’’  wamr  pvyk  (lows 

tSiai  would  occur  for  the  '•cipfclivc  b.-cachi.  -  scenarios.  Oaivi  cud  Gchar  tci  (15,%')  devchj-Kjd  it  set  d! 
anvci  ‘.f'ovrlng  the  pot  j-.ilj'  cnerg^v  o,'  die  1  ike  wsier  vciius  jicas;  Uischarge  licro  historiCfii  danr  f'ythrre.s  of 
various  ivp'V..  n,'  dani.s.  F,rguic  7  pie,=c.nu  J.;c  riv.-;  diHc.-nr  curses  ;.t(;tfc!oi.'"(.!  by  ''Ajstn  and  Schuster 
for  (It  f  omii'.  ctcti  dapis,  iticiudiny  umt’'  .'ud  luckti!;  dams,  (2)  I'nsO  didc  diun.'^,  Moraine  diinrs,  (4) 
GSaufc  daras,  arid  (fit  an  uppr  r  envelope  wiiivc  >0'  all  of  tin-  obserS'C-.i  dyrn  faiiur;  d*ta.  'J'av'Ie  2  fists  tf. 

dischsfgc  c.stirr.si'xi  from  the  CosrH  atrd  SUius-c.'  e.-'velopc  cerve  cf;.)  using  Uis  physical 

ch.'.r:;r''‘,ilsi.i-,s  CTsiic  l.akc.  'fhe  U.S.  Buru-ra  of  k'.’c'atnation  (iV''?;  picp.-tal  atr  earlier  cu.-v.c  of 
obscrvi.  J  pc.'i!'  clisdiDpe  vc.'S'ts  me  Ir/druul.’i:  dej  ih  rd  a  dvur.  y-rior  to  failure  inguii-  ,5  picsci.vr  the  U.S, 
burc.iu  o,'  Rc'J.rn.ioh'.'o's  euwe  .snd  .shows  ih-'it  for  an  inihat  depth  of  waict  behind  s  full  Ca.ale  T..akc,  the 
cslb'.ated  peak  Osscr.uigt'  w  :uki  be  ti'prtr.tiiin.iciy  370,rXiG  cfs.  T  he.  cira^  '„3c<,i  pc-T;  tiovtc-  predicted  by  all 
of  sk  oi  thei.c  c’rilcrcn!  nictitcslt  dus':'-  not  i.:a.oci!i  tor  the  inclusicn  of  .tcaimci.t  hoia  Ok  broach. 


O'  or. 


Table  2 


iSunjrn-iry  of  Breaching  Characterlstico 


BF^CAClilNO 
MbTFlOn  i 

1 

BOnrj.V  WIDTW 

U-T; 

SIDE  SLOPES 
(HA/) 

CRmCAI. 
BREACH  TIME 
(HOURS) 

PEAK  FL(DW  FROM 
CASTIELAKE 
(CF^ 

U.b.G.S  MBAVtO 

1 

675 

1.0 

- 1 

0.25 

1,510,000 

Bne/\OH  MODEL^ 
(F!?X  CCE;NAK;:0) 

4U0 

0  31 

1 

0.25 

1,180,COC 

EOUATIONS 

305 

0.31 

0..35 

761,300 

FOTFOTLA'.  tN’ERO/ 
VEP^US  F  iAK  Q 
RELATIONSHIP.S  - 
M13TORICAL  DATA 

• 

- 

- 

566,000 

niavo:-ii'*iE\i  f'ata 

- 

• 

- 

370,000 

Ma';OOU.\LO®  ] 

LANiftRIDCiE- 
MON'OPGiJS 

*41:6 

0.31 

0.50 

147,600 

^  I.Rfinod  ftn<J  O.'zcl  (16eV) 

f  McC'e  Dfoflchiog  Scentiio  uolng  the  NVV;^  B^^EACU  rnodol  (1609) 
^  (193^) 

CotHa  and  bchuMcf 
U.S;.  Bureau  o)  noolainaticfi 
MaciSonaKI  end  Liincrtoce-Moncpolis  ('as4) 
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Figure  8 

Envelope  Oirve  of  Discharges  Experienced  from  Historical  Dam  Failures 
(from  U.S,.  Bureau  of  Reclamation,  1977) 


After  exefiiinii.j  the  physical  characteristics  of  the  Castle  Lake  blockage  and  comparing  tiie 
breaching  characteristics  and  peak  discharge  estimates  from  the  various  breach  development 
methods  listed  in  Table  2,  results  from  the  BREACH  model  are  thought  to  be  the  most  reliable  arid  fils 
method  for  estimating  the  breaching  characteristics  of  Castle  Lake  tlie  most  dopendabie.  ‘nio 
MacDonald  and  Langridge-Monopolis  results  are  cor:sidered  Inappropriate  because  their  data  set  did 
not  include  any  landslide  or  debris  blockage  failures.  Results  from  the  BREACH  model  were  selected 
over  the  Froelich  equations  because  the  BREACH  model  is  a  more  physically  based  method  end  It 
accounts  for  the  material  characteristics  of  the  blockage  more  explicitly,  therefore  providing  a  belter 
representation  of  the  specific  problem  at  Castle  Lake.  Ro-sufts  from  the  HEC  breaching  scenario 
(using  the  BREACH  model)  are  more  conservative  than  those  from  other  methods. 

Dozens  of  different  types  of  failure  scenarios  were  tested  to  try  to  duplicate  the  characteristics  of 
the  USGS  proposed  'heave  type'  failure.  No  reasonable  set  of  failure  parameters  could  reproduce  a 
breach  with  a  top  width  of  lOOO  feet  and  an  approximate  depth  of  175  feet  wittiin  tfie  critical  breach 
time  of  15  minutes.  HEC  even  tried  to  simulate  the  retrogressive  heave  failure  mechanism  by  initially 
removing  65  percent  of  the  thickness  of  the  blockage  materials  from  tlie  downstream  face  cf  the 
blockage,  and  then  starting  the  BREACH  model  in  a  piping  mode  with  a  full  lake.  Even  under  these 
simulated  heave  failure  conditions,  the  resulting  breach  size  was  similar  in  overall  di.msi  isinn.s  to  ihoso 
produced  by  the  'HEC  breaching  scenario.'  After  considerable  discussion  with  engineers  and 
geologists  from  the  Corps  ot  Engineers  and  the  U.S.  Forest  Service,  It  was  decided  to  adopt  NEC’s 
proposed  breaching  scenario  using  the  BREACH  model  as  the  most  representative  breaching 
app.''oa''h  for  the  remainder  of  the  investigation. 


2.b  Fiov/  Bulking  and  Mudfiow  Routing  Procedures 

The  BREACH  model  was  used  to  generate  the  damb’’eak  outflow  hydrograoiis  from  Castle  Lake  for 
varioiis  initial  lake  levels  and  breaching  scenarios.  Routing  of  the  bullted  dambreak  liydrographs 
(mudflows)  65  miles  from  Castle  Lake  down  tiio  North  Fork  Toutie  and  Cowlitz  Rivers  to  the  Coiurnbia 
River  was  accomplished  with  Fread's  (1989)  DAMBRK  model.  Two  separate  routing  reaches  were 
established  as  shown  in  Figure  9.  The  first  reach  (routing  reach  1)  extends  front  Castle  Lake,  16  miles 
dov/rt  to  the  SRS,  Flow  bulking  and  debulking  processes  occur  within  tltis  reach  (sec  Laenen  and 
Orzol,  1987).  The  second  routing  reach  (routing  reach  2)  exiends  from  the  SRS  all  the  way  to  the 
Columbia  River  below  Kelso-Longview.  The  'mudflow  routing  option*  in  the  DAMBRK  computer 
program  was  used  to  simulate  the  non-Newtonian  hyperconcentrated  flow  properties  of  the  bulked 
discharges  in  routing  reach  i  downstream  from  Castle  Lake.  The  program  requires  the  user  to 
specify  the  expected  mudflow  properties,  such  as  viscosity  and  inilia'  shear  strength  of  Uie  fluid. 

Based  on  these  expeett  o'  fluid  properties  ano  the  hydraulic  characteristics  of  the  flow,  the  'mudflow 
routing  option'  adjusts  tne  effective  fnciion  los-c  terms  In  the  momentum  equations  to  simulate  the 
efiects  of  hyperconcentrated  (bulked)  flow. 

Flow  bulking  i.s  the  process  vyiiereby  extremely  high  energy  flood  flows  incorporate  additional  bed 
material  (sediinent  and  debris)  i.tto  the  fiov;  by  erosion  and  entraininent,  thu.s  increasing  tlie  total 
voiumo  of  the  flood.  As  tlie  concentration  of  suspended  mnterial  increases  beyond  a  threshold  of 
approximately  20  to  CO  percent  by  voiumo  (Beverage  and  Culbenson,  196ri),  the  fluid-sediment 
mixture  begins  to  don'Oirctrate  rton-Nuwtonian  fluid  characteristics  (re.,  the  flow  characferislics 
become  dependent  u|)C'n  the  concentration  of  susporided  material).  Many  rcsearcfiers  have 
t'Sliinated  that  flow  bulkk.g  can  increase  the  overall  volun.e  ot  a  hypothetical  danrhreak  from  Castle 
l.^k6  from  2  to  5  times  its  Ciigiivai  voiunie  (Costa,  1984,  Laenen  and  Orzol,  1989.  and  Soon,  1908). 

The  acjtual  amoun.'  of  flow  bulking  that  occurs  during  at»  evom  dofjonds  on  many  factors  and  is 
dif/iculi  to  estlinato  ahead  of  time.  Scliusfr.’r  (1999)  derived  a  simplified  roiationshif)  thet  ostimaies  the 
'ultimate  bulking  factor  (FJF),  gi.  ei;  the  roi 'n?seninlivo  'in  situ'  soil  ch3racieristic.i  of  the  a/alariche 
materiais  in  the  valley  and  etiannol.s  o'ownshoarn  fiom  the  location  of  hypothetical  biro  breakout.  Soil 
porosity  or  void  ratio,  along  Wiih  ti  io  percent  satumtion  of  ttio  soil  are  r- 'quirod,  along  vritli  an  ostiiiiatG 
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of  i!i9  uiiimate  sediment  concentration  by  volume  that  mf.y  occur  during  the  bulking  process. 

deriv'ation  of  the  'ultimate  bulking  factor*  is  shown  in  appendix  A.  Scott  (1985a,  1985b), 
Coaia  (1934),  Schuster  (1986)  and  Laenen  and  0.'70l  (1987)  suggest  that  the  suspended  sediment 
concentrations  for  this  type  of  an  event  may  range  from  45  to  55  percent  by  volume.  Tlierefore,  a 
value  of  50  percent  for  a  representative  ultimate  concentration  seems  to  provide  a  reasonable 
assumption  for  this  study. 

Bulking  and  debulking  are  likely  to  occur  within  reach  1  from  Castle  Lake  down  to  the  SRS 
according  to  Laenen  and  Orzol  (1987).  They  also  suggest  that  bulking  will  occur  from  Castle  Lake  to 
the  N-1  structure  and  debulking  (loss  of  suspended  sediment  materials  from  the  flow)  from  the  N-1  to 
the  SRS  (see  Figure  9).  Reach  i  upstream  from  the  N-1  structure,  has  the  deepest  avalanche 
deposiis,  most  credible  channel  materials,  the  narrowest  valley  sections,  the  steepest  stream  slopes, 
ai'id  tfie  greatest  sediment  transport  potential,  liabulking  is  likely  to  occur  downstream  from  the  N-1 
Etfucture  v^here  the  valley  widens  to  several  thousand  toet,  the  effective  channel  slope  decreases 
considerably  end  the  sediment  transport  capacity  decreases  below  that  necessary  to  sustain  the  high 
concenti-e.tions  of  materials  entrained  from  bulkittg. 


Bulking  of  the  dambreak  flows  up  to  concentrations  of  50  percent  by  volume  as  suggested  by 
Laarjen  and  Orzol  (1987)  was  simulated  by  adding  a  sorios  of  lateral  mudflow  hydrographs  to  the 
main  dambresk  hydrograpfi  as  it  was  routed  downstream  from  Castle  Lake.  In  this  way,  the  effects  of 
flow  bulking  are  essentially  ’blended  into  the  main  dambroak  hydrograph'  as  it  moves  down  valley, 
nii'  process  was  accomplished  by  first  calculating  the  {.votontial  bulking  factor  for  each  LYeachinp 
scunario  using  Schaefer's  (1990)  method.  Clear  water  dainbreal:  hydrogmphs  from  Castle  Lake  for 
»ho  various  breaching  scenarios  were  then  routed  down  to  tiie  SRS  with  no  accounting  of  the  potential 
bulking  Cl  cicicuiitutg  pruCCiiC*^S.  f  iycliograotiv*  ai  sevt:/ia!  pouuS  ajung  LiUiKiiig  ruaci*  1  ^seo  r-iourw  yj 
v/ore  extracted  fioivi  the  ciear  water  rirns.  these  hydrogrephs  were  then  muiiipl'ed  by  a  ratio  (the 
c-rXirnoted  subreach  buii'.ing  Factor  (BF)]  to  account  for  the  bulked  volume  of  material  that  would  need 
tc  be  added  to  eacfi  subreach  to  obtain  the  overall  fiov'  bulking  aiid  total  flow  volume  for  tfjo  entire 
bulking  .eacti  for  eacfi  ineoching  soeriario,  Oistribution  of  the  amount  of  bulkt.d  material  entering  the 
flow  with  distance  in  reach  1  was  allocated  according  to  the  forigitudinaJ  distribution  of  scdi.ment 
trarisfrort  cai>aohy  dong  the  bulking  reacli.  Tfiis  rnetfiod  produces  a  more  realistic  (nonlinear) 
relationship  berween  local  frydiauiic  conditions  (depth,  widJi  and  velocity)  and  the  longitudirial  change 
in  the  amount  of  bulked  flow  to  be  bier'idcd  into  each  subreach. 


The  tende.icy  for  flow  bulking  actually  increases  (or  a  snort  dirnancc  downstream  from  the  blockage 
because  the  valiey  i.3  iciafi^’cly  narrow  and  veiy  steep  and  the  transpon  capar;ity  is  very  high  along  the 
front  of  the  dam  break  bore.  Consequent'/,  ar  ve  flov.  Dicks  up  more  material  from  bulking 
processes,  tVie  effective  discharge  also  goes  up  until  liie  vni-ty  widens  enu  flattens  cnouyf'.  to  tvoyin 
attenuating  the  flew.  Tiiis  phenomenon  ol  the  magnitude  of  the  flow  incteasir.g  dur;  to  br-'king  for 
some  distance  downstream  from  the  initial  breakout  is  clearly  demonctratod  in  the  re?  ui' s  sfiov'/r,  and 
discussed  In  later  sections  of  this  report.  As  thrj  valley  widens  and  the  channel  slope  decreases,  the 
atTioiirit  of  bulking  goes  down  in  proportion  to  tfie  reduced  transport  capacity  for  that  subreach.  'i  'lis 
approach  was  used  to  distribute  the  amount  of  bulked  maiorial  (nonlinoariy)  into  tfie  flows  from  tf  .e 
da,m  breait  tiydrograph  as  it  was  routed  dynamically  downstream  from  Castle  Lake  to  tfre  N-1 
structure.  The  last  step  was  to  run  tfie  mode!  agam  using  the  'mudflow  option'  with  ttio  ostimaiod 
mudflow  properties  foi  each  teach,  while  adding  (blending)  the  IrteraJ  bulked  flow  fiydrogiophs  to 
main  (low  to  account  for  the  dynamic  flow  bulking. 

uaonen  and  Orzol,  (19U7)  suggest  that  debulking  occurs  in  lower  portion  of  leach  1,  from  the  fil 
structure  to  the  The  valley  widens  lapidly  along  this  part  Oi  the  react!  to  several  ifiousand  feet 
wide,  the  stream  slope  decioases,  .and  ll  ieie  is  insullicient  sodirnent  transport  capacity  to  sustain 
contiiiuod  bulking  of  the  flows.  The  dcbulkiiiy  process  is  handled  in  a  si  nilnr  manner  as  was  ifio 
bulking  process.  Hydroyrapfis  frorr,  tlie  cloaiv/atei  luns  for  t!v;  difti'iont  bieuch.ing  scenarios  are  used 
to  establish  tlie  shape  and  timing  ot  latefa!  flows  that  would  he  extrociod  (debulkod)  irum  the  main 
flood  wave.  Once  again  the  (fis'rioutio,!  ol  the  amount  of  det;ulkin'j  is  allocated  along  the  debulking 
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reach  in  pioporlion  to  tho  cliange  in  the  amount  of  sediment  transport  capacity  occurring  along  the 
reach.  Debtilking  is  simulated  witli  the  DAMBRi<  model  by  using  negative  lateral  flov/  hydrograplis  to 
remove  the  amount  of  flow  volume  lost  due  to  debulking.  Laenen  and  Oi'zo!  (1987)  used  sirriilar 
method.s  to  simulate  the  expected  dsbulking  below  tho  N-1  struenure.  Ttiis  process  was  repeated  for 
oath  breaching  scenario  that  was  evaluated. 


2S  Est’mating  tho  Ultimate  Bulking  Factor  for  Various  Dambreak  Scenarios 

The  magniiijde  of  the  ultimate  bulking  factor  is  not  only  a  function  o'  the  characteristics  of  the 
dambreak  I  .ydrograph  producing  tlie  flow,  but  also  a  function  of  ttie  in  situ  properties  of  the  valley  a.ncl 
charifie!  depOsSits  where  the  darnbieak  flows  will  occur,  tlxarnination  of  field  data  collected  by  tlie 
Corps  of  Engineers  and  the  USQ3,  shows  that  actual  field  values  for  poi  osity  and  void  ratio,  percent 
saturation  and  uliimate  suspended  sediment  concentration  can  vaiy  according  to  the  .season,  rriaioriai 
type  and  location  along  the  ciiannel.  For  the  purposes  of  this  invasligation,  a  triethod  was  deitved  to 
bracket  tlie  range  of  possible  materia!  properties  observed  in  the  field  and  to  assign  a  level  of 
confidence  to  the  many  possible  combinations  of  the  tiiree  main  variables  (porosity,  percent  saturation 
and  ultimate  suspended  sediment  concentration)  that  can  occur.  For  titis  study,  the  fo!!ov\-ing  range  of 
values  for  the  main  parameters  vras  agreed  upon: 

1.  Porosity  (0.25  -  0.45) 

.2,  %  Saturation  {'15  -  CO) 

s.  Uitimato  concantiation  (0.30  -  C.60) 

Gchaelwr  (1990)  developed  a  siaiisiicai  weighting  niHinod  usiiig  M';'riie  Carlo  sam,oiin9  techniques, 
to  osiimato  the  magnitude  of  the  'ultimate  bulking  iaictor*  according  to  observed  ranges  in  the 
magnitudes  of  tlie  tliree  main  variables  used  to  compete  the  buiKing  factor  (BF).  The  Monte  Cano 
irettiod  co.T'pated  a  ‘curnuiative  probability”  of  99.7%  to  tlie  ‘dSGS’  ‘heave  scenario  with  a  bulking 
factor  of  4.4G.‘  Tiio  methed  assigns  a  9576  cunriuia'tive  probability  to  the  HEC  'piping  scenario  vrtth  a 
BF  =  3.32,'  and  50%  to  tfic  HEC  'piping  scenario  with  a  BF  =6  2.5.'  The  curnuiative  probabiilty  means 
that  of  all  tlie  possible  bulkod  flov/s  tha(  can  occur  during  a  breaching  of  Castie  Lakio  v;ilh  tfie  range  of 
observed  material  propertic-s  In  ti;e  channel  downstream  from  the  blockage,  99.7,  95,  and  50  p.crcent 
of  rho  events  v/ill  ha''u  bulking  factors  less  than  4.46,  3.32  and  2.5,  respectwely.  Therefore,  of  all  tlie 
different  combiriations  of  values  of  the  three  bulking  factor  variabl'os,  less  than  1/2  of  a  percent  of  ail 
tho  possi.b'e  combinations  would  yield  a  bulking  factor  as  largo  as  4.46  for  the  USGS'  breoching 
scenario.  Approximately  95  percent  of  all  the  possible  events  would  be  less  th.nn  ifio  3.32  bulking 
factor  associated  with  HEC's  piping  scenario  and  about  50  percent  of  ali  the  events  would  have  a 
bulking  factor  of  2.5  or  less.  This  range  of  bulking  faciois  was  used  to  evaluate  the  potential  for 
flooding  downstream  from  the  SRS  for  three  hypothetical  lake  breaching  scenarios.  Results  and 
conclusions  from  tho  analyses  are  presented  in  following  sections  of  the  report. 


2.7  Other  Boundary  Conditions  Considered 


F  igure  9  piesents  a  schematic  diagra.n  of  the  appioximuio  location  and  extent  of  the  routing 
rcacl.'us  considered  during  tiiis  investigation.  Throe  different  brcacliing  scenarios  wore  considered  for 
tiiu  tiypotiietical  failure  of  the  Castle  Lake  blockage.  Tables  3  and  4  summarize  the  specific  bleaching 
sccna:ios  tl  iat  wore  considoied  along  wiifi  the  bcundaiy  conditions  and  reingo  of  bulking  factors  that 
wore  applied.  Tables  3  and  4  also  li.st  tho  key  locations  along  routing  reaches  1  and  2  v»here 
computed  lo;  jlis  urn  diupiayot)  for  comparison  and  discussion.  As  disi.iussed  in  section  2.5,  routing 
of  the  (lypoU'.oiical  breacfiing  events  was  cetriad  out  in  two  dif.'eren'  roaches.  Reacii  1  included  Die 
flow  bull'ving  and  debulking  of'ects  on  liic  flows  Irom  Castle  Lake  to  the  SI3S.  Reach  2  extends  from 
the  SRS  all  tho  way  to  the  Colurubia  ftivei.  It  is  assurnod  that  most  o’  the  sediment  and  debri:,  load 
will  be  captured  befiind  tlie  SRS  and  Uiat  flow  bulking  and/ur  debulking  is  insignificant  throughout 
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reaciT  2.  Tables  3  and  4  show  the  initial  Gastle  Lake  water  surface  elevations  that  were  considered: 

(t)  lake  full  at  elevation  2,580  NGVD,  (2)  lake  low'ered  30  feet  to  elevation  2,550  NGVD,  and  (3)  lake 
lowered  60  feet  to  elevation  2.520  NGVD.  The  spillway  crest  elevation  at  Castle  Lake  is  2,577  feet 
NGVD.  The  starting  lake  elevation  of  2,580  corresponds  to  the  estimated  lake  level  that  would  occur 
during  a  500  year  rainfall  event  positioned  over  the  3.0  square  mile  drainage  area  above  the  lake. 
Under  these  conditions,  a  discharge  of  appro.ximately  6,000  cfs  wou'd  da  flowing  out  of  Castle  Creek 
as  base  flow  prior  to  the  dam  break.  The  estimated  runoff  and  base  f'ow  ir'  the  Nodh  Fork  Toutia 
River  upstream  from  the  N-1  structure  prior  to  the  dam  break  was  approximaraiy  20,000  cfs.  Otltei 
assumed  base  flow  conditions  include  (1)  6,000  cfs  from  the  SRS,  (?)  5,70C  cfs  from  the  Green  River 
into  the  North  Fork  Toutle  River,  (3)  6,100  cfs  from  the  Soutf)  Fork  foutle  River,  and  (4)  52,000  cfs  in 
the  Cowlitz  river  just  upst.'-eam  from  the  confluence  with  the  Toui.lo  .Rivei.  These  base  flow  conditions 
v.'ere  recommended  by  the  Portland  District’s  Hydrology  and  Rivei  Lnginecring  Dranch  for  the 
purposes  of  tliis  investigation.  The  total  base  f!ov/  in  the  Cowlitz  rfv';r  cio'wristream  from  the 
confluence  with  the  TotJtle  River  as  a  result  of  the  cumulative  base  flows  from  the  rivers  entering 
above  is  approximately  69,800  cfs. 

The  other  key  boundary  condition  considered  as  a  variable  duiing  the  investigation  was  tho  initial 
storage  condition  behind  the  SRS.  If  an  event  were  to  occur  today  (in  Sept-riinber,  1990)  tho  storage 
conditions  would  be  represented  by  the  ‘existing  conditions*  in  the  SRS  (see  Tables  3  and  4  for 
routing  reach  2,  SRS  to  the  Columbia).  However,  the  ShS  is  desigiied  to  (rap  sediment  materials  from 
Mount  St.  Helens  and  the  drainages  upstream  from  the  SRS.  Theiefore,  over  time  tiie  amount  of 
available  storage  will  decrease  until  the  SRS  is  completely  full  of  sediment  and  debris  up  to  the  crest 
of  the  spillway.  Even  under  ‘completely  full  conditions*,  tho  SRS  provides  a  groat  deal  of  storaga  and 
attenuation  of  flood  v/aves  as  will  be  discussed  in  the  next  section. 


10-18 


I 

i 

I 

! 


F 

E 


l 

! 


I 


! 


I 

3 

p 

i 

N 

5 


I 


I 


11 


lo-i 


Summary  of  Simulations  Performed  and 
Locations  Where  Results  Were  Printed 
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TABLE  4 


Summary  of  Simulations  Performed  and 
Locations  Wl'iere  Results  "Were  Printed 


r^TLE  UKE  TO  SRS  ROUTING  REACH 


U3GS  HOvVE  SCENARIO  BF=4.46 


LAKE  LEVEL 
FULL  -30' 


KEY  LOCATIONS  WHERE 
RESULTS  WERE  PRINTED 
tMILES  D/S  FROM  <^AST.  L.) 


0.0.  1.67.  S.'SI.  10. '.9,  12.6.  15.71 


0,0,  1J37,  5.31,  10.19.  12.8.  15.71 


SRS  TO  COLUMBIA  RIVER  ROUTING  REACH 


uses  HBWE  SCENARIO  BF=4.4L 


UKE  LEVEL 


SRS 


KE^'  LOCATIONS  WHERE 
RESULTS  WERE  PRINTED 


FULL 

-30’ 

FULL 

COND. 

^  .  . — _ — iL 

X 

X 

15.C1.  2.5.-  1,  33.91.  47.9'i.  59.01 

X 

X 

15.91,  73.21.  33.91.  -<7.91.  59.G1 

X 

X 

15.01.  23.21,  33.01  47.91,  53.B1 

X 

X 

15.91.  23,21.  33.91.  47,91,  5S.01 

3o-:a 


Results  and  Discussion 


Figure  10  presents  cuives  of  the  computed  peak  discharge  versus  river  mile  resuming  from  the 
nypothetical  failure  of  the  Castle  Lake  blockage  due  to  piping  for  three  initial  lake  levels  and  tvro 
different  SRS  conditions.  The  ‘ultimate  bulking  factor*  for  the  scenarios  simulated  and  presented  in 
Figure  10  was  P..50.  Results  for  this  scenario  are  considered  to  be  the  approximate  average 
(representative  of  50  %  of  the  events  that  may  occur)  based  on  the  field  data  presently  available. 
Figure  1 1  presents  similar  curves  of  peck  discharge  versus  river  mile  for  the  same  type  of  piping 
failure  but  with  an  ‘ultimate  bulking  factod  of  3.32.  These  results  represent  a  scenario  with  a  mode  of 
failure  and  a  magnitude  of  bulking  tliat  coulo  be  equalled  or  exceeded  by  only  5  percent  of  the 
possible  flow  events  that  were  considered  (or  95  %  of  the  events  will  be  less  than  this  magnitude). 

This  breaching  and  bulking  seen.3rio  is  recorumended  by  the  Corps  of  Engineers,  the  U.S.  Forest 
Service  end  the  Washington  State  Department  of  Ecology  for  the  evaluating  the  flooding  effects  a 
hypothetical  beaching  of  the  Castio  Lake  blockage.  Figure  12  presents  similar  results  for  the  USGS’ 
'heave  type  breaching  scenario‘  introcluced  by  Laenen  and  Orzol  (1987)  and  modified  by  HEC,  For 
this  scenario  HEQ  used  Laenen  and  Orzol’s  breach  hydrograph,  but  applied  HEC’s  energy  related 
hulking  approach  along  with  Schaefer’s  ‘ultimate  bulking  factor*  of  based  on  lha  assumed  field 
conditions.  Only  two  initial  lake  elevations  were  considered  for  mis  scenario.  Tlie  results  are 
presented  in  Figure  12  for  lake  tull  conditioirs  and  the  lake  lowered  30  feet.  Tire  “animate  bulking 
factor*  associated  with  the  USGS'  breaching  scenario  was  4.46.  This  represents  a  cumu|.5twe 
probability'’  (see  Section  2/)  of  99.7  percent;  e.g.  99.7  percent  of  tiie  events  considered  vrill  l>e  less 
than  the  computed  dischaiges  presented  i,',-  Figure  12,  Table  5  summarizes  the  routing  results  at  key 
locations  below  Castle  Lake  for  the  three  difierent  breaching  and  bulkinu  scenarios  censidGred:  (1) 
HEC’s  piping  failure  v/ith  the  median  BF  =  2.5,  (2)  HEC’s  piping  failure  w'ith  the  9b  %  BF  =  3.32  and 
(3)  the  USQS'  heave  failu.^e  y/ith  the  99.7  %  BF  ^  4.46.  The  essk  discharges  listed  In  Table  5  should 
approxirnately  equal  die  peak  discharges  filoUed  iri  Figures  10  ’.hrouglt  12.  Note  that  the  initial 
elevation  of  Casrtle  Lalro  and  amotmt  of  sediment  stored  in  tlte  SflR  make  a  considerablo  difference  in 
the  magnitude  of  tfie  initial  dambroak  flow  and.  theiofore,  a  groat  deal  of  difference  by  the  time  the 
flood  wave  is  routed  to  the  SRS  and  downstream  to  Castle  Rock  and  Kelso  -  Longview.  For  example, 
Table  5  lists  the  rorriing  resuits  for  the  Coips'-  recommended  scenario  (njns  7  through  12:  HEC’s 
piping  scenario  with  the  95  %  BF  =  3.32).  Note  that  wKh  Castle  Lake  fuli  (elevation  =  2550  NGVO) 
and  existing  at  the  SRS  (see  run  7  in  Tabro  5).  the  peak  discliurge  in  the  North  Foil;  Tbutle  River 
below  the  SRS  is  reduced  85  peicer.t  (from  695,000  to  105,200  cts)  with  the  SRS  in  place,  il  tfio  lake 
is  lowered  30  tost  or  60  fee!  (runs  6  and  0),  the  flow  reduction  duo  to  storage  in  the  SRS  is 
approximately  82  and  95  percent,  respectively.  Even  if  the  SRS  were  initialiy  full  of  sedi.mcnt  (see  nrns 
10,  1 1  and  12  in  Table  5),  the  peak  disefiarge  from  a  failure  of  Castle  Leike  v/ould  bo  cigriificantiy 
reduced.  For  this  case  tlio  flows  vrould  be  recucod  by  76.  66  and  55  percent,  for  the  lake  full,  the 
lake  lowered  30  feet  and  ti,e  lake  ioweied  60  feet,  reepeutively. 


Figures  10  through  12  clearly  shew  the  ooundary  condition  effects  on  the  peak  di.sc!iargos  for 
various  combinaliori.'i  of  initial  kike  levols,  SRS  conditions  and  bulking  factor.  Becai  '.se  the  SRC 
substarilially  reduces  the  flow  dov/nstream  from  tire  SRS,  dambroal;  discharges  added  to  the  base 
flows  in  the  Tuutle  amj  Cowlitz  Rivers  downstream  fiom  ilie  SRS  may  not  be  significantly  gieater  than 
the  initially  assumed  base  flovr  conditions.  For  the  case  of  runs  7  tiuoegh  9  (sgo  Figure  11  and  Table 
fS),  only  39,600,  28,700  and  400  cl's  arc-  added  to  tlir.'  bar.o  flow  In  tfic;  Cowlitz  Ri^/ef  at  Kelso  - 
Longview  due  to  tho  dambreak  discliarges  estimated  witli  the  initial  lake  foil,  lowered  30  ft;(3t  and 
lowered  60  feet,  respeclwoly.  if  the  SRS  wore  full  o.'  sedimei.t  at  the  time  o'  failure  (runs  10  through 
12),  5U,000,  46,000  and  18,600  cfs  would  bo  added  to  the  00,800  efs  base  flow  in  ttio  Gowiit.;.-  Rivor  at 
Kelso  •  Longview.  This  (C[iresents  an  increase  in  discharge  above  ttie  a.ssumed  base  fiew  in  the 
Cowliu  Ri.  or  of  85,  6G  .nnd  27  percent,  rospctnively  for  U:e  three  different  initial  lake  conditions. 
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Figure  10 

Peak  Discharge  Versus  River  IVlile  Resulting  from  the 
Hypothetical  Failure  of  Castle  Lake  for  Three  Initial 
I.ake  Levels  and  Two  Different  SRS  Conditions 
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Figure  11 

Peak  Discliairge  Versus  River  Mile  Resulting  from  the 
Ilypathetical  FaLlure  of  Castle  Lal;.e  for  I’iiree  Initial 
Lake  Levels  and  Two  Different  SRS  Conditions 
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13  sunin'.r.fii’es  <hb  i?'',’ii'natf3cl  I'lood  magn^udes  '■orv'i  Cast'o  i^3n0  to  KgI&o  -  I  .ongvio//  for  the 
HEG  b,t.aori:ny  and  bulKing  coenario  (OF  -  3.2r!;  for  two  initial  lako  oondii.oni  (full  and  lO'verGtf  30 
t'cot)  ar.rJ  existing  (1990!  condidor's  iii  tno  3R£.  fhn  hypothetical  rnudflow  coiiditions  ^re 
compared  ta  the  1983  M.annt  Gt.  Helena  tri'adfio'v  and  thn  probable  mc-xin'um  flood  (cfsoihino  the 
SRG  v/as  not  there  duri.-iy  the  Pb.'i-".  The  v;:li>/ay  capnetr^  a:  the  SfiS  in  Indicated  In  t'lgure  13,  alone, 
',<;iih  the  ;;pproxiri.a*e  'TiaximLim  channel  capati.icjs  noa'  tiio  comri .'.initios  oi  Castle  Rock  a.nd  ,\«iso  - 
Longview.  Both  hypothetical  :-lGC  dan>L.f06.k  floovlo  (for  lake  fell  a;io  lowered  '.’j  feet)  rep.'G,''erit 
•exisdng  conditions*  at  tfis  Sh'S  and  in  the  G«jv/lit2  M>ver.  Tiv  rouod  oan'hreoK  (.'.ws  for  tiiese 
‘existing  conditions'  are  o'l  co.ntained  v  ithi't  the  present  Cr.wi.i:,  Rivcir  ar  Cestic  Rock  and  Kelso  ■ 
Longv'iev.'.  !t  the  SRS  vo.'c  full  of  sed'iront  inrlirdiy,  the  o\l‘,Tiat.''rJ  HP.C  da.'nbreak  flood  'C’ojia  exceed 
the  pre-'erii  channel  c?pecity  near  C&sito  Rock  by  ?(yi  and  i :  cfs  if  Ca'-nie  Lake  were  in.tieii/ 

full  o.'-  lowered  Ly  30  fovd,  respectively.  The  cha.’^^i'i.ii  lAt-sr  Kelso  l.i,ngviGrt  (e3*.i'»i:itoJ  vo  be-  ■'.dO.OOO 
dc)  presently  has  sufticicrn  capacity  to  contain  looted  d£:nd!ec-.'';  Iiows,  O  ion  if  ihf--  SPG  wore,  iul!  cl 
sediment,  Estimated  peak  flows  from  the  lessor  HEC  s;ena:ic  (wr>h  o  bnl'f'ng  ferloi  of  2.5)  would  &II 
be  contained  v/ithin  me  present  channel  at  C.s.stie  Rock  and  Ko'se  •  Loriyvic-w.  If  an  ev?„'il  av  raw  as 
thv  hypGtitt'tical  'hoave  lailure  j.cer,ario'  (w'ith  a  bu>ki.ng  .actor  of  4.'16)  wore  to  iiappc.r  (tritler  the 
•existi.ng  remditiens',  the  cliannel  cepaciry  near  CfSt'e  Peck  v/ould  be  evooee'ed  for  bolli  inrlisf  iakc 
level'-  that  wero  considered  (Casli'S  Lake  fu'i  or  lowvrod  by  3d  feet).  Floo;]  flcr.'s  would  s-:ill  be 
toir.ained  in  fiic  present  cfiannel  near  Ke!.so  -  Longview  under  ‘exis’.iii-T  conditions.'  If  t.he  SRG  v/om 
iailieily  full,  both  Caslle  Rock  and  kir^lso  -  Longview  could  ext-rerionr';  fiXKling  lo-  U.ko  (ui!  inlliaJ 
conJi'ions.  If  the  lake  were  lowered  tU;  'eot,  Castle  Rock  could  f.lili  expe.-iente  floodirry.  wiiile  ten  f-ow 
at  Kelso  -  Longview  would  be  ba'Cly  coril-.'ned  in  ftic  channel. 


Tneicfore.  v.lth  ttie  present  ‘existing  condii-ons*  at  tfte  SRS  c-nd  In  the  Cowih?  River,  ufi  of  die  HuC 

n .  4s ^  u  ^  /.  .ti. .  ..  4  -k*  /*»  .  wv  I ..  rr .  •.! .  ,. . .  .1  .z'.. I..  #.  1  •t’*..-* 

uj  kjii/  crViK^ii  iv'vi  Cti  vzir.jiiv  nuwr.  onu  -  uu/ >y  .  ii»w 

I'cr-ulting  (lows  would  Ut  sirniia’’  to  a  100  yea  -  flood  e/ont  in  the  Cowlit?.  Rrvei.  tf  the  SHS  v/ero  full  c-t 
cee.irnsnt,  all  of  the  HF:C  -  recomi  .'.ended  fl'serfing  scc'i.drios  v^ould  b."  fully  coniaint'o  it;  Kelso  - 
Longview,  not  at  C.a.sil<.-  Roci:  io;  etiha  lake  full  or  lake  ',o''/efed  30  foci  conditions  Norie  of  tlic- 
hy^x/tftevb.ed  braacliing  and  buikinn  sc-on?.nos  will  exceed  oi  Cvortop  tiie  SFtS  for  eif;  sr  't',>ciiliny 
coridilkniis'’  r>r  "f  'll  con-ditions,'  L  is  expect ticl,  however,  that  (or  tiny  major  floor.,  rry  cvcnl  with  the 
rnannitud!)  of  the  f;v^>Oihs<;i;ed  oroochiriy  of  Cnstls  t.ske,  that  cignilictinl  quaniibes  ol  .sedirneni  and 
debit?  w'i!l  e.'iter  the  GRS,  thus  reducing  its  p.csea'  sturiXK-  capacity  and  cctlvc'  ilfe. 


Duririg  largi'  flood  event;  the  o'-r.  my  ccncen;  is  usuiiiV  tor  c.han.io!  capat'iiy  and  v.’holficr  the  peak 
discho.'ge  w  ill  be  contairieo  vvitf  lin  the  ei  it  tin;:;  c'vinr'.e;.  Ihe  loufiny  resulis  preseriied  in  figufos  10 
‘.f.-'Ojgh  13  tsnd  Table  5  show  the  ocT'Ol.ciai  efft-vts  of  cite  SRG  in  leducing  ihr;  pf^ak  diriirliarges  in  ttio 
channcils  Oownstrearn  f-orn  trie  k'RS.  t  abkr  0  preseiv..;-  ti';-  cveroge  citann'-r!  velocities  computed  ar 
kr?y  loca'.ions  f>e!ow  Geehe  La<....  fo:  tirv  brt?Lhi:<g  -.ind  twikkig  r.;;er.;jrior.  Hhai  were  cor-siderod 
Maximur-.  velositifas  oc.;u.  j'j;a  th'j  brsei.r,  f-c'  Ute  MCC  ret  omniefided  scenario  (weiti  e  bulKing 

facto.-  ot  3.32)  ti'iG  m.ay.ii"!,jrn  vei:.  ,.1/  jitl  UovKWS’.rr-.mn  (.on!  vi.'C  breach  ic  approxiiriaieh  27  Jeol  per 
teco.n:;  Velncities  oi  t,  .T  r  tagniluofl  o»A.uu:r,g  ©■•e;  the  loose  oVon;.  rivaUmdio  dey.pt>sil.s  Civi  rcaoily 
>ead  to  t.K'  kinds  vd  fio..'  buikii-.g  scjAtrio,’.  dv . crTied  in  Section  2.5,  by  the  lime  tl'-.)  darnbtr.-ak  bf»ro 
f6ac.‘'e.s  the  M-l  sfrudlure,  ^  tv;  d^creasuo  r(.?  veiocny'  by  aimost  ti.slii'  to  14.6  (ps.  Tiiis  rvut'pofU.  the 
dujulking  cc/.r  ep:  al.su  p.ur.ei.tOQ  ir.  Section  2.1'  DoiVP,srr 'ran'  t'lO  N-1.  tiid  flow  coiV.inuos  to 
slo'-v  dvj.wn.  but  niy  sliyfKty  unt'!  it  uniers 
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Routing  Results  at  Kty  Locations  iielow  Castle 
Lake  for  the  KEC  and  USGS  Breaching  Scenarios 


tiiiiil 

G  Jufi1 

OutfIo^■, 

(.1  et 

Ci.^  «l 

tnhiel 

Cfttlii 

Bolow 

C  Bt  N--. 

inflow  to 

(fom 

ton^sv; 

Ru'i 

6B:^ 

L*ke 

C^atlo 

Suuctu.'O 

SP3 

SBS 

ftock 

Ko  1.^-0  ^ 

No, 

(;ofic>rii5n 

C'lovaiio.’i 

Lake 

Rf/ss' 

RM  1(1.1'’ 

RM  1')’ 

Spllhvay 

Rf,"  J  8.o’ 

RSf  .'ifi  Ij’ 

(N'OVOj 

(5if) 

(Cif.) 

icN) 

(cfs) 

(Cfi) 

(<;<) 

CT- 5?,- j 


Past'  f  tctvc.  Op  (cU)  ilof  Hi'C  i!  Dtru  Breath  (FirJinu',  Socnarlo,  n  rlth  Lif » 


1 

fjkisll  '.l 

2  Sfi'j  {full) 

1.;J2J,U00 

1.3&0.4CO  B?fc.8»Xi 

asi.i-x 

47,no'.) 

83.803 

€2,000 

rf' 

BxNtiii/, 

S;/)  (-TSO'j 

90o.t-o;.i 

746.40J  523.100 

Ui,.600 

lO.fiOO 

77. 1W 

72,100 

.■? 

?.X2C  (-OJI 

3:>0,90o  232.7C10 

07.103 

(i.OCC‘ 

70,200 

70^00 

rit'i 

2,'lftO 

l,02'.3yi,' 

1.360.4Cyj  87C'.u:)0 

351, <Xi 

lOrl.OO:- 

143,07 

IDl.f-00 

S 

Full 

a.'iA.'  f-M'; 

«C/7,50i. 

7t6.403  52o.<':i0 

1iX.500 

?fi.303 

l£2,74X 

6.3,500 

(i 

t  Ul. 

.'.‘.'■'TO'  l«l  j 

ii'i’a.iCV 

7i;j.ax  ;.’32,?:o 

07.  la'. 

rx.,'.^xi 

ei.CC’O 

( C,.  (c'j)  lot  03)11  Bfes'.h  (F'OliVi;,;)  fr-itn*;;'.'.  vi/J. 

-3.32’’ 

y 

i.uio  (U.:, 

t,»t,3iCv 

1.M!.‘,(.'..'G  l.iMi.tOO 

t  Ji.Otr-J 

130,'IU'; 

1Ui,<iOO 

'ti 

LiUiW 

I'.SVj  (-W) 

S-Xi.lCt.  713,100 

Jt52.i)X 

C2.a» 

llO.iCO 

a?,:oj 

6 

O  i/ 

f;  'v?c.  i>yr, 

!i2(j,Ti:o 

V:\.VK^  OW.SOC) 

ni.j)'.-?., 

t.ox 

V(:.2f,o 

10 

fu*! 

2,WJ 

l.fi'C.OCM  I.IJSOOO 

Cy3,CX>3 

iC/,2('.' 

li't.rx 

V76J800 

11 

f-  IJli 

1 X’/ 

S-t.;.'.tO  713,100 

3^2.;'/ 10 

110,873 

lor.t  0 

116.0X 

1.7 

Fuii 

.0  \-f.0  ' 

uvo.fc;'^/ 

<11.  •,,■10,.  yi'-.W.- 

I.')., ay; 

W  103 

Ftrwii,  {c(«,  (f  U  o 

U'JC.O-  l  .i 

1 0  If  O-’  'in  1, 

1! 

2,6 -.0  Ou'w 

1  WtlXYi 

I/.,.' :,1).C 

i,iiu:i.'J  ij 

1®'.,0-0' 

1  J?i<.f«.3  j 

13.., O')' 

n 

trm'i'.'Vj 

J.6'X)  (  X') 

VISl.i'l.O 

1  .OVuOk,  1.ti.'..?0.1 

V<2*^.L  ,'0 

'.1  f.O','.' 

1 

trj.iO-' 

IS 

Fvri) 

2.6  '0  (liJI) 

1 X 

x.iu.m  i/„  ■'.&,) 

1 

Zjlj.y.'': 

ISl.iO'j 

V.- 

fill. 

('.X) 

I.'^I.iVjO 

'i .KA)  i.n.i.'ti';' 

1  *  V  ,*  X  kj 

170,101 

tm.X'i 

1?'!,i0<') 

i-u-iir  k/,  H/  f‘  W/  -iiv  Oai'j/rive  ar.i  li  ^ivr  *.a'  r  *ii 

*  fcvtii/;i5)  ly.ir^i  .r.  f?i  »>  ::  v;,  i-  •-  o,;.v.  '.iv,  »  ri/%  b>  Vc 

HI.  C.  *  V;  vjiMi.io  HI  '  .7.1  fi  »  fJ  X'Ji',’.  t..  ■  vV,.  Vi.-  Jl  •!  l>  Vf'. 

U%0'i.'e  tiuH'ftu  li'/i; ../eiHj.  uf  "  <,<»//.  n  ••  (.' J/,,  %S»’,  »■  Sryv.  V.e/ Lv.iK /,viri  ■■  i'v  Vvl 


Tabife  6 


Computed  Channel  Veloolues  at  Key  tocatlone  Below 
Castle  Lake  for  the  HEC  and  USGS  Oseaehlfig  Sconarios 
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the  SRS  s».ora/;iV  pool  area  (velocity  lieie  i5  appioxiinatc;^-  12  I'ps).  Mew  JcawniJ  the  SK.S  is  controlled  by 
the  spillway  aii^  ojtlci  v/oiies.  The  if.axiinu'-a  avcr.iy;e  'hanncl  velocity  ju'.i  clowrisircani  from  the  SRS  is 
appro, 'rnaic-ly  9.6  liy  the  time  the  hooQ  wave  reaches  the  Clow,'.if'.  Riv:-r  and  mixes  witli  the 
aiinuiativc  base  Aow  in  the  Cowlitz  (6y,8(X>  efc),  it  slows  to  about  4  to  6  feet  per  second. 

Tlie  SRS  piotects  ooriiirsuniiie'.  and  the  river  sections  downstream  from  it  but  docs  not  affect  those 
areas  upsti'cam  fioni  the  SRS.  Therefore,  there  is  no  protection  above  the  ,SRS  from  a  hypothetical  failure 
of  QiStie  Ijake..  Ba\.i:sc  of  thi.e,  and  ilic  possibility  that failure  of  Castle  Lake  would  greatly  r&luce  the 
sediment  storage  capacity  and  effective  life  of  the  SRS,  additional  field  investigations  pcnairiiny,  to  the 
gsctechm'ciil  stability  of  the  Cristle  Lske  blockage  and  regularly  scheduled  monitoring  are  recojitniended. 


4.  Coiicliisions 

Tlie  foilowin;^-  oonclusioris  ar3  dra-vn  front  thfe  rosuith  of  this  investigation: 

1)  Nomerical  rfie;iic:.''.s  developed  by  tlie  Nationel  Weather  Cervicp  (Fread,  1989).  the 
Hydro.'ogi';  Engineering  Center,  and  Schaefer  (1990),  werre  successfully  used  to  simulaxe 
tfie  hypotfiei.r.'Hl  broaching,  flow  bulking  and  unsteady  mudfiov;  routing  tfiat  would  >estih'  if 
the  Castle  Lake  blockage  dam  wore  to  (ail. 

2)  Even  though  debrij  blockac^-  dams  foim  in  a  v/idc  vcrieiy  of  phy.siccyapfiic  sottinQ;;,  most 
debris  blockage  dorms  a.'o  van.'  snoti  liveo.  Cr'sia  and  Schurte.''  (l:*)Sf")  repdC  the’,  foi'  the 
6S  docunrientc.'V  cases  i.hyy  ctodied,  22  pet  emit  o!  ttie  lattcislidc  dams  (aled  in  i  than  1 
i.'iiy  aher  formation  and  irnt  nait  taller,  witltt.^  a  period  o?  10  deyc.  Less  tlian  lO  percent 
cf  tfio  natural  deths  blockage  dams  last  i7(i.irfj  than  1  yeftc 

b)  -Mo't'  than  tv;  porcent  or  hi  dxun'ien’ecl  debris  and  lanclolide  dams  failed  due  to 
overlC’fOping.  The  occur.'enca  of  a  partreuior  clr-in  faiiuio  and  the  magnitude  of  r'^si-lhny 
hoods  aro  predicate  V  oy:  the  size  o'  the  blociaoo;  its  g'somotric  chafacterT;tios  (size  and 
ciei  '/th  of  the  impoundment,  and  s:/-/  o>  i-.i  stia;->e  of  the  I  lockage);  the  proixirties  ofUie 
CiQ'j'usgu  the  rate  of  iiiir'iC  o'  ifie  impou/rdment,  the  volumti  ol  the  Lapped 

v/atc,',  u  ••(,!  Icc-drock  cr  r.i-.ginecreci  conuok  sue!’  as  spiilwey.s  tunnels  and  cliversMiis. 

4)  The  Ccznie  fakir  blociiage  ’vac  ten  veam  a!?.:  fn  fy.  j/  ii?90  arid  appears  to  be  stable 
unclrri  i;,s  pact  and  present  conditions.  Iln:  fazband  Oisirict  Coips  of  Engincars  installed 
aHi.  em.sryency  spillway  in  Oaobe'  of  1S61  to  sx.'rbi.’ize  ttiP  l.nke  elevatiDn  at  2577  fee: 
MGVC'.  Grour-dwetot  levels  in  the  blockage  and  s.reps  along  hi',  downstream  face  of  tire 
'i./fock&gf‘  h'd'/o  beon  moniioied  since  hi?  emptLc  According  to  tfie  Co.’pc'  Geotechnical 
Erir- ;cfi  {peisoriai  communication,  iJijQ'i,  hioy  hav','  s.oen  no  field  evidence  ol  unstable 
coiiR  i  .-ric  in  tiie  blOvk  .-ge  n.a'.e.-ials  stnee  tho  insTalii:V.fv.'.’'i  of  the  spillway. 

•5)  The  povk  dis:;b-;.\;rc  i'oni  a  hyinUheHcal  faiic'c  i  f  tl->a  Cov'Ju  L.ake  blockage 

exceeds  tlio  peak  disch.3rges  prediideo  fiotn  potential  eiv.,'.’cjy  vertus  p-eak  dischaigo 
relationisliip?  developed  from  historical  dam  failures  by  mci'c  t  it.!,  2,;-’'  .if nos.  (  ieo  Figure 
7).  it  exceeds  the  p.x’Cicted  peak  oi-sch.'frge  vnvelvpc  curve  f oricaf  darn  failj.'cs 
by  3.G  times  (see  Figure  8)  Tlierolore.  the  Corps  lecoiriiTfe.ndO'J  breachir';)  and  i,>u!.i;i(ig 
.•.scenario  produces  a  corissfvativc  estinrate  (i.o.,  hows  tfiut  uic  larger  than  .'I’ose  obSutved 
during  histonca!  failures  of  sini.Tai  blockages]  of  tlie  pcssible  peak  discharge  l.-m?  co  jid 
ft^t.'ll  duiirrg  n  oroachinu  of  the  Castle  lakr.;  Hl'X-kacc. 

C;  Tilt:  eticct  of  hic  i'RS  is  signliicarit  i.n  mrlucing  tfie  peak  discharce  frew'  the  hypoiliolicril 
t  Tli'i.,’  of  Castle  Loko.  The  iuilia’  eievaiion  of  tire  Mkt  prior  to  failure  also  affects  the 
magnitudi.’  of  fhr  lesuiting  dambrcai.  discltaige.  For  tlie  failure  end  bulking  sctin.nritr 
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rojornmended  by  tha  Coips  of  tingineers,  the  SRS  reduces  the  peak  discharge  into  the 
North  Fort;  Toutle  r-(ivei  by  05  percent  (trom  695.000  to  105,200  cfs)  for  full  lake 
coriciiiions.  If  Castle  take  is  lowered  30  feet  prior  to  its  failure,  the  SRS  reduces  the  peak 
flow  by  82  percent  (from  352,500  to  62,000  cfs).  If  Castle  Lake  is  lowered  by  60  feel,  the 
SRS  reduces  the  peak  flow  by  55  peicent  (from  131,800  to  6,000  cfs). 

7)  The  amount  of  storage  tito  SRS  can  provide  depends  on  how'  foil  of  sediment  it  is  when  a 
flood  event  occurs.  Under  the  present  ‘existing  conditions’  !n  the  SRS  and  the  Cowlitz 
River,  ali  of  the  Corps  recommended  floodinp  scenarios  vvouIcJ  be  fully  contained  at 
C  Rcc''.  and  Kelso  -  Lorigvicv/.  The  tesulting  flows  would  be  similar  to  a  100  year 
flood  event  in  tito  Cove  t?  trive.'.  If  the.  Si  IG  ./ere  foil  of  seriiit  icnl,  a'l  of  the  Corpts 
lecommended  flood'ng  scenarios  would  be  fui  y  contained  within  tne  channel  at  Keiso  •• 
Longview,  but  not  at  Castle  Flock  for  either  lake  full  ot  lake  lowered  30  feet  conditions. 

6)  None  of  the  hypctiiesized  breaching  and  bulking  Gcortc.rios  will  exceed  or  oveitop  the 
SRS  for  either  'eyisting  conditions’  or  ’fuli  conditiorts.' 

5)  Trie  SRS  p.-otccfs  communities  and  i.hoj*c-  river  sections  downstream  from  It,  but  does  i.ot 
affect  t)i9  areas  upstream  from  xhe  SRS  There'ero,  there  is  no  protection  above  the  SRS 
from  a  hypothetical  failure  of  Ca.iiis  Lake.  Because  of  this,  and  the  possibility  that  a 
failure  o'  Casiis  Lake  would  greatly  reduce  the  sed'rnc-nt  snorage  capacity  arid  effoctive 
life  of  the  SRc.  aodrtional  field  investigations  pa.-iuir.incj  to  the  geotechnical  stability  of  Hi? 
Castia  Lako  blockage  ana  contir-uous  moriilcring  are  recommended. 
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Appendix  A 


Derivation  of  the  equation  to  calculate  tne 
"Ultimate  Bulking  Factor 

By 

Melvin  G.  Schaefer.  Ph.D.,  P.E. 

Dam  Safety  Section 
Watf?r  Resources  Program 
Department  of  Ecology 
Olympia,  WA  93504-871 1 


MUDFLOW  BULKING 


Definitions: 

-  rano  of  water  to  unit  volume  in  mudflow, 
r,  =  ratio  of  soil  to  unit  volume  in  mudflow. 


Madflov/ 


r 

•  ^ 

ss:  -a  -r 

V. 

~  ynm-Ti 

of  inicial  free  water 

V. 

-- 

01  spii  in  "mudflow" 

Vol 

=  vci^m  - 

of  ultimate  mudflow 

1  1-33 


If  source  soil  available  has  water  in  void: 


-  water  }in-8itu  eoil  mass 

-  soil 

where  givsn  unit  of  soil  mass  has 


—  =  6,  -  Ow, 

ihm,  voi .  V,.  H  -  {{-^)  vj  G  0)  A  - 

/  l  tit  *  w  ^  IV 


w;0)6  +  v^[~)  * 


define 


t 

r 


N' 


.  4, 


or 


4) 


(~— •)  by  volume 
1  •/, 


then 


Vol  ~  1/^1  +  (J;  +  <{)0  '  4>®6  ■*■  <})*G^  +  ■*■  *  •  •  ') 


or 

Vol  -  t;,  *  F^'4i8  *  4%*^  * . ) 

♦  4*0  +  4^*  •*....) 


ior 
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(4)0)'’ 

n=^ 


+  -g  4>'’  6'^’ 


/7=1 


4>0  >  1  "  series  limit  -oo 


then 


voi  ■  K  •  Kim"  -K*-^  i(m"  - 

i-i  p  2^  e 


/7=1 


/7=1 


1/0/ = +  y*  (-.1- 1  -  Yjh 

1-4)0  e  M-4;e'  0 


l/„ 

W-O/  =  (-— ^)  + 


voi  = 


*  4>  \ 
i  -  4)0 


Define: 


in  mudflov/  by  volume; 


in-situ  soil  mass  (source  material); 

0  = 

Vp 
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Then: 


% 

4 

0 

li 

sol, IOC 

0 

.10 

.20 

.30 

.40 

.50 

.60 

20% 

.23 

1.25 

1.28 

1.32 

1.35 

1.39 

1.43 

1.47 

30% 

.43 

1.43 

,1.45 

1.6C 

1.64 

.l."3 

1.82 

1,93 

40% 

.67 

1.G7 

1.79 

1.33 

2.09 

2,28 

2.51 

2.79 

50% 

1.00 

2.00 

2.22 

2.50 

2.86 

3.33 

4.00 

5.00 

60% 

1.00 

2.00 

2.94 

3.57 

4.5t 

6.25 

10.0 

25.0 

70% 

2.33 

v3.33 

4.34 

6.21 

11.1 

49.0 

or- 

00 

80% 

4.00 

5.00 

3.33 

25.0 

00 

00 

00 

00 

(by  volume 

Tbef-o  DuJkin/*  l''cctora  are  "uitira>itc'  vu.lue(>’'  v/hicb  of.suni'j  tho  physical  f.u.‘?h  as; 

blope,  discharge;,  tijrbuience  and  tntraii'iing  mechar-visroc,  chautiel  bydraujic  prc^porties,  «.o:i 
Dovu'io,  gradation,  (>c)din\ent  properties,  etc.;  are  opc-rat-ing  fot  aufficlvrit  tirne  tdlow  thio 
value  to  be  attained. 
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Example  #1 
Assumptions 


1)  Ultimate  mudflow  is  50%  solids  by  volume  (Vj  =  .50) 


^  "  T:7 

•  M/  •  •  • 


For  50%  (— M:  r.  =  0.50  ,  4)  =  1.00 

Vor  ' 


2)  Porosity, 


Porosity  (n)  =  0.28  = 

1  +  e 

(geometric  property) 


where, 


e  =  >.39 
(vo/c/  ratio) 


for  mudflow  case  -  assume  90%  of  voids  are  filled  with  water  available  to  make  up 
mudflow 


then,  effective  void  ratio; 


6  =  .90(.39)  =  .35 


0  =  6  =  (-Jt)  =  ,35 


Potential  Bulking  Factor  for  60%  solids  by  volume  mudflow  with  <J)  =  1.00  and  6  =  0.35 


Bulking  Factor  = 


Ultimate  Mudflow  = 


19000(3.08)  =  58,520  acre-ft  (castle  lake) 
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Example  #2 

For  ultimate  mudflow  with  65%  eolids  by  volume  (r^) 
Porosity  (n)  =  .30 
95%  saturation  of  voids 


theUi 


and, 


4,  .  Ji_  =  1.22 


n  =  .30  =  e  -  .43 

1  +  e 


e  =  —  source  matenal 

6  -  .05  (.43)  =  .41 


Potential  Bulking  Factor  = 

Bulking  Factor  D.F.  =  =  4.44 

M  -04) ' 


Ultimate  Mudflow  = 


19000  acre-ft  (4.44)  =  84,360  acre-ft 

Obviously,  expected  values  and  upper  and  lov/er  bounds  for  bulking  can  be  comp^uted  in  this 
manner  for  selected  values  t  '  r,,  ^  and  6 
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Abstract 

'.clantic  Paimon  Restoration  in  New  England 


by  Townsend  Barker 
New  England  Division 
US  Army  Corps  of  Engineers 


In  pre-colonial  times,  at  least  20  major  rivers  in  New  England  contained  sig¬ 
nificant  Atlantic  salmon  populations.  TTie  ntrmber  of  adult  salmon  entering 
these  rivers  annually  may  have  exceeded  300,000  individuals.  These  runs  were 
brought  to  extinction  through  overharvesting  and  dam  building  in  five  of  the 
six  New  England  States  (Massachusetts,  Connecticut,  Rhode  Island,  New  Hamp¬ 
shire,  and  Vermont)  by  the  mid-nineteenth  century,  and  were  reduced  to  remnant 
populations  in  Maine  by  the  early  part  of  this  century.  Moderately  successful 
efforts  to  restore  salmon  in  some  rivers  in  the  late  1800's  demonstrated  it 
was  possible  to  construct  functional  fish  passage  facilities  at  existing  dams. 
However,  overfishing  was  not  controlled  and  water  quality  declined  through 
this  period  into  the  first  half  of  the  twentieth  century  making  salmon  resto¬ 
ration  impractical.  Now  with  improved  water  quality  and  controls  on  fishing, 
there  is  an  ongoing  cooperative  effort  by  federal  and  state  agencies  to 
restore  self-sustaining  populations  of  Atlantic  sa]mon  by  the  year  2021  to 
much  of  the  species'  historical  range  in  New  England. 


One  of  the  bigge.st  rivers  in  New  England  and  one  with  large  nursery  areas 
potentially  available  to  adult  salmon  is  the  Connecticut,  and  one  of  its  trib- 

.A.  A  o  iiciui.wau  Xd  I-IIC  IVXVUi,  ,  IIUWQVCL  ,  uwu 

of  Engineers  flood  control  dams,  Ball  Mountain  and  Townshend  Lakes,  are  obsta¬ 
cles  to  upstream  "■'d  downstream  migration  on  the  We.se  Rivci  .  This  paper 
describes  approaches  being  used  to  restore  Atlantic  salmon  to  New  England  in 
general,  and  involvement  of  the  Corps  in  constructing  fish  passage  facilities 
on  the  West  River  in  particular. 
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The  average  time  spent  plan¬ 
ning  a  U.S.  govemntent-a.$- 
iisted  flood-contiol  project 
before  construction  begins 
is  26.1  years.'  ITiesc  delays  are  a  direct 
result  or  federal  policies  and  practices 
that  conflict  with  some  basic  cominu- 
uity  needs.  The  deficiencies  in  federal 
water-project  planning  poUcics  and 
their  impacts  on  U.'S.  communities  are 
manifest  in  the  33-ycar  history  of  a 
flood-control  project  ic.  North  Rich¬ 
mond,  California,  North  Richmond  is 
an  impoverished,  unincorporated  com¬ 
munity  in  Contra  Costa  Coimty  on  the 
eastern  shore  of  San  Pablo  Bay,  a  nonii- 
cm  extension  of  San  Francisco  Bay  (see 
the  map  in  Figure  1  on  page  15). 

North  Richmond  grew  up  during 
World  War  II  when  blacks  who  came 
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control  project  for  WUdcai  and  San  Pablo 
creeks  has  been  as  a  citizen  volunteer  and  not 
as  k  government  repixscntativc. 


to  work  in  the  shipbuilding  industry 
were  segregated  on  the  floodplains  of 
Wildcat  and  San  Pablo  creeks.  The 
creeks  flood  and  cause  poor  drainage  in 
the  vicinity  almost  every  winter,  but 
more  severe  flooding  puts  North  Rich¬ 
mond  under  a  foot  of  water  about  once 
every  three  years.'  The  community’s 
need  for  flood  control  has  never  been 
disputed.  However,  the  problems  in- 
hcrcal  to  federal  policies  regarding  the 
design  and  funding  of  flood-control 
projects  have  repeatedly  delayed  its  im¬ 
plementation.  During  that  time,  the 
community  has  initiated  herculean  ef¬ 
forts  and  innovations  to  overcome  fed¬ 
eral  obstacles  to  fi  .ding  such  projects 
for  i)Oor  communities;  designing  proj¬ 
ects  that  recognux  local  goals  for  eco¬ 
nomic  recovery  and  environmental 
quality;  and  adjusting  to  the  technical 
vulnerabilities  of  uaditional  flood-con- 
tiol  channelization. 

North  Richmond  is  considered  by 
the  U.S.  Department  of  Housing  and 
Urban  Development  OiUD)  to  be  one 
of  the  most  impoverished  communities 
in  tlie  country  and,  therefore,  deserv- 
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ing  of  federal  assistance.  (The  1980 
ccn  us  classified  64.5  percent  of  the 
households  in  North  Richmond  as  fe- 
male-headed  and  below  the  poverty 
level.)  However,  suburban  develop¬ 
ment  in  other  parts  of  Contra  Costa 
County  has  made  the  county  as  a  whole 
one  of  the  wealthiest  in  California. 
Economic  redevelopment  and  improve¬ 
ment  in  the  standard  of  living  in  North 
Richmond  are  unlikely  to  be  achieved 
without  a  flood-control  project.  Al¬ 
though  the  community  has  atypical 
demographics  because  ft  is  mostly  com¬ 
posed  of  minontks,  the  residents*  val¬ 
ues  and  goals  reflect  those  of  other 
communiUcs;  They  want  opportuni¬ 
ties,  options,  and  environmental  quali¬ 
ty,  and  they  want  to  have  influence  in 
the  dedaons  that  affect  them.  If  North 
Richmond’s  need  for  flood  control  has 
5>ccn  iDci  only  with  the  greilcst  difficul¬ 
ty  by  the  f^eral  water-project  plan¬ 
ning  process,  then  something  is  wrong 
with  federal  policies  and  practices. 


Early  Efforts 

In  tiie  1940s  and  eariy  19505,  flood¬ 
ing  along  the  Wfldcat  and  ban  Pablo 
creeks  attracted  attention  to  North 
Richmond’s  need  for  flood  control.  By 
2956,  the  Contra  Costa  County  Hood 
Control  District  had  assessed  that  i.eed 
and  issued  a  report  calling  for  the  im¬ 
plementation  of  a  flood-control  proj¬ 
ect.  As  a  result,  in  the  1960  Rood  Con¬ 
trol  Act,  Congress  authorized  the  U.S. 
Army  i^ips  of  Enginects  to  conduct  a 
feasibility  study  for  flood  control  on 
the  two  creeks.  At  that  time,  the  stan¬ 
dard  practice  for  reducing  flood  dam¬ 
ages  was  to  construct  costly  and  envi¬ 
ronmentally  damaging  reservoirs  and 
stream  channels  that  carry  more  water 
at  a  higher  velocity  than  could  be  car¬ 
ried  by  the  natural  channels.  However, 
national  experts  in  geography,  hydrol¬ 
ogy,  cngiacfrixig,  and  economics  were 
recommending  that  the  federal  govern¬ 
ment  broaden  its  approach  to  the  re- 
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duction  of  flood  damages.’  The  experts 
recommended  greater  use  of  nonstruc- 
tural  means  of  reducing  damages,  such 
as  floodplain  zoning,  flood  proofing, 
and  relocation  of  structures,  and  sug¬ 
gested  that  a  vider  range  of  pioject 
sizes  be  considered.  They  also  recom¬ 
mended  that  the  design  of  projects  be 
based  on  more  complete  data  on  the 
mershed  and  on  broader  social,  envi¬ 
ronmental,  and  economic  objectives. 
In  1962,  the  Harvard  Water  Program 
published  Design  of  Water-Resource 
Systems*  which  presented  the  recom¬ 
mendations  of  the  best  available  exper¬ 
tise  on  how  to  improve  federal  water- 
project  planning  policy.  One  of  the 
document’s  most  important  rccom- 
mendntions  was  to  base  plarming  on 
multiple  objectives,  such  as  economic 
grov/th,  regional  income  distribution, 
and  environmental  quality,  rather  than 
on  the  constniction  of  single-pinposc 
cnf^ecring  works.’ 

In  1968,  the  Army  Corps  of  i-ngi- 
neers  issued  a  rciiort  that  presented  se\'- 
cral  different  flood-control  plans,  but 
no  plan  was  recommended  for  imple¬ 
mentation  because  the  foreseen  bene¬ 
fits  of  the  piojcct  did  not  pass  the  fed¬ 
eral  cost-L  nefit  test,  'fhe  only  tencfits 
the  federal  government  recognizes  ic  a 
cost 'benefit  analysis  are  tied  to  the  val¬ 
ues  of  the  structures  in  the  flood-haz¬ 
ard  area  that  would  receive  protection. 
In  North  Richmond,  the  substandard 
housing — some  of  it  just  cardboard 


boxes — was  not  valuable  enough  to 
justify  a  project. 

Multi-Objective  Planning 
in  the  1970s 

The  National  Em/ironmcntal  Policy 
Act  of  1969  required  Uie  federal  gov¬ 
ernment  to  establish  a  process  for  the 
public  review  of  the  impacts  of  federal 
projects.  (For  more  details  on  this  law, 
see  Lynton  K.  Caldwell’s  article  begin¬ 
ning  on  page  6  of  this  issue.)  In  1974,  a 
new  Water  Resources  Development 
Act  requiied  the  consideration  of  non- 
struaural  alternatives  in  flood -control 
planning,  and  revisions  to  the  fei.icra] 
Water  Resources  Council’s  principles 
and  standards  made  between  1973  and 
1979  integrated  en'oromncntal  and  so¬ 
cial  objectives  into  the  cosl-bcnefit 
analysis  of  proposed  water  projects. 

Earlier,  however,  HUD  had  started 
the  Model  Cities  Program  for  urban  rc- 
ncwal,  and,  by  1971,  a  plan  for  Rich¬ 
mond  wa.s  developed  that  featured 
Wildcat  r  :d  San  Pablo  creeks  and  the 
San  Pablo  Bay  shoreline  as  a  reaea- 
tional  and  commercial  resource  to 
serve  as  a  focus  for  the  redevelopment 
of  the  aiea  (see  Figure  2  on  page  16).‘ 
Tlic  Richmond  Model  Qties  Plan  called 
for  IIUD  to  take  flood  control  off  the 
shelf,  and  HUD  proceeded  to  contract 
for  a  privately  prepared  economic  anal¬ 
ysis  of  a  flood-control  project.’  Eleven 
years  after  the  lirst  federal  studies 


Bulldozers  dig  a  basin  to  trap  sediment 
from  Wildcat  Oeek.  Without  the  trap, 
sedimentation  would  harm  the 
marshland  habitat  downstream.  (Photo: 
Bob  Walker) 


began,  political  momentum  succeeded 
in  overcoming  the  difficulty  of  the  cost- 
benefit  analysis;  HUD’s  consultants 
considered  future  project  benefits  and 
potential  recreational  benefits  and 
made  the  numbers  work. 

With  new,  favorable  cost-benefit 
formulas  from  HUD’s  consultants,  the 
corps  of  engineers  conducted  a  plan¬ 
ning  process  that  reflected  the  pres¬ 
sures  of  the  1970s  to  increase  public 
participation  in  project  plarming  and 
produced  a  new,  community-support¬ 
ed  flood-control  plan  that  was  author¬ 
ized  by  Congress  in  1976.  A  case  study 
written  on  this  phase  of  the  Wildcat- 
San  Pablo  flood-control  project.  Can 
Organizations  Change?,  praised  the 
corps’  first  effort  to  accommodate  the 
needs  of  a  poverty-stricken  area.*  The 
corps  based  its  planning  on  the  multiple 
objectives  of  the  Richmond  Model  Qt¬ 
ies  Plan,  which  focused  on  social  well¬ 
being,  environmental  quality,  and  eco¬ 
nomic  redevelopment.  The  project 
benefits  included  protection  of  existing 
and  future  dcvclopmait,  the  expected 
increase  in  market  value  of  the  projee*. 
area,  and  recreational  benefits.  North 
Richmond  residents  involved  in  the 
project  planning  during  this  era  were 
complimentary  of  the  corps'  plamiing 
process  and  sensitivity  to  community 
needs.’ 

The  corps  of  engineers  considered 
including  an  Environmental  Quality 
Plan  among  its  project  alternatives.  Al¬ 
though  they  did  not  choose  the  Envi¬ 
ronmental  Quality  Plan  as  the  Recom¬ 
mended  PL  n,  neither  did  they  choose 
the  National  Economic  Development 
(NED)  Flan,  wliich  was  a  single-objec¬ 
tive  plan  to  reduce  flood  damages.  The 
NTiD  Plan  maximized  the  difference 
between  costs  and  benefits  for  a  project 
designed  to  pro\'idc  protection  af^ainsl 
the  lOQ-year  flood  (that  is,  a  flood  of 
such  magnitude  that  it  is  likely  to  occur 
only  once  in  100  years).  Ihe  Rccom- 
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mended  Plan  adopted  by  the  corps  in 
1979  contained  traditional  flood-con¬ 
trol  engineering  for  the  100-ycar  flood 
in  the  form  of  concrete  box  culverts 
and  trapezoidal  and  rectangular  con¬ 
crete  channels,  but  the  plan  also  pro¬ 
vided  for  a  din,  trapezoidal  channel  on 
lower  Wndcai  Creek  that  would  have 
some  landscaping.  Also  authorized  as 
part  of  the  flood-control  project  were 
several  recreational  elements,  including 
a  regionBl  trail,  a  nature  study  area 
near  Verde  Elementary  School  (which 
stands  beside  Wildcat  Creek),  and 
freshwater  iinpoundrricnts  on  ponds.'® 

Federal  policy  requires  that  all  land 
acquisitions,  easements,  right-of-ways, 
and  up  to  50  percent  of  the  recreation 
components  be  paid  for  by  the  commu¬ 
nity.  When  North  Richmond  set  about 
laisicg  its  share  of  the  expense  for  this 
project,  tor  .ie  of  the  area’s  major  busi¬ 
nesses — including  Chevron  Oilj  South¬ 
ern  Pacific  Railroad:  Atchison,  To¬ 
peka  and  Santa  Fe  Railroad  (which  had 
a  train  dernit  ovc  San  Pablc  Ctesk  in  s 
January  1982  storm);  and  the  Rich¬ 
mond  Sanitary  Company— did  not  con¬ 
tribute.  Their  parsimony  contributed 
to  the  community’s  failure  to  raise  the 
required  local  share  of  the  total  cost. 
Hms,  the  federal  cost-sharing  require¬ 
ments  undermined  the  corps’  efforts  to 
dedgn  a  plan  that  would  use  the  creeks 
as  part  of  a  community  economic  re¬ 
vival  plan,  as  outlined  in  the  Richmond 
CStics  Plan. 

Under  the  Reagan  Administration 

In  the  1980s,  federal  policies  reverted 
to  favoring  the  construction  of  projects 
based  on  a  single  objective  of  economic 
efficiency.  The  Reagan  administra¬ 
tion's  standards  and  guidelines  re¬ 
quired  the  selection  of  a  NED  Plan  that 
was  described  by  the  corps'  staff  as  a 
least-cost  plan  to  reduce  flood  dam¬ 
ages;  neither  cnviionmcntal  quality  nor 
noustructural  plans  were  supposed  to 
be  considered  in  the  development  of 
project  aitematives.  The  administra¬ 
tion  also  required  local  residents  to  pay 
a  greater  portion  of  the  project  costs  in 
addition  to  the  cost  of  land  acquisition, 
casements,  and  rigfat-of  vays. 


In  1982,  Contra  Costa  County  offi¬ 
cials  proposed  a  bare-boncs,  structural 
flood-control  project  without  any  envi¬ 
ronmental  amenities  to  be  constructed 
in  cooperation  with  the  Army  Corps  of 
Engineers.  The  county  board  of  super¬ 
visors,  as  the  local  sponsor,  presented 
the  “Selected  Plan”  to  the  North  Rich¬ 
mond  community  on  a  take-it-or-lcave- 
it  basis  and  argued  that  h  was  the  only 
affordable  alternative  (see  Figure  3(a) 
on  page  19).  Although  the  corps’  staff 
demonstrated  more  openness  by  being 
willing  to  discuss  altcmalivc  plans  with 
the  public,  the  corps  decided  to  take  a 
back-seat  role  and  defer  to  the  county 
on  the  issues  of  project  design  and  citi¬ 
zen  participation.  The  corps  of  engi¬ 
neers  also  discouraged  multi-objective 
planning  in  the  belief  that  North  Rich¬ 
mond  could  not  afford  anything  but  a 
basic  channelization  project. 

Some  North  Richmond  residents 
were  resigned  to  accepting  any  flood- 


control  project  offered;  others  felt  so 
strongly  about  the  Richmond  Model 
CStics  Plan  that  they  wanted  to  retain 
influence  in  the  Jesign  process  and  ex¬ 
plore  other  proj.’ct  options.  The  take- 
it-or-Icavc-it  option  rai-.  '»imtcr  to  the 
long  history  of  aa^•.‘  .community  in¬ 
volvement  in  the  Richmond  Model  Qt- 
ics  Plan  and  alienated  some  key  com¬ 
munity  kadcis.  In  the  spring  of  1983, 
community  leaders  organized  a  meet¬ 
ing  in  North  Richmond  to  determine 
community  reaction  to  the  couuty/ 
corijs  Selected  Plan  for  flood  control. 
Tlic  issues  raised  at  that  meeting  de¬ 
fined  the  next  five  yean  of  work  for  the 
community  volunteers  who  changed 
both  the  planning  process,  the  plan  de¬ 
sign,  and  funding  strategy. 

Members  of  several  North  Rich¬ 
mond  community  groups,  including 
the  Richmond  Neighborhoods  Coordi¬ 
nating  Council,  the  Urban  Creeks 
Council,  Save  San  Francisco  Bay  Asso- 
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RGURF  2.  Richmond  Model  Cities  Pian  for  Wildcat  Creek. 


SOURCE:  Joint  Agsncy  CommtttM  for  th«  0«v«lopmem  of  North  Richniond-San  Pablo  Bay  Area. 
"North  Riehrtiood-^an  Pablo  Bay  Area  Study — Summary  Raport  "  (Oordrc  Costs  County.  Sepiembar 
1971). 


dation,  and  the  Contra  Costa  County 
Shoreline  Parks  Committee,  formed  a 
coalition  to  request  that  a  pian  be  de¬ 
veloped  that  recognized  the  value  of 
Wildcat  and  San  Pablo  creeks  as  im¬ 
portant  local  and  regional  resources 
and  that  recognized  the  regulatory, 
funding,  and  technical  design  problems 
inherent  in  the  county’s  proposed  plan. 

The  coalition  raised  several  impor¬ 
tant  cnviroumental  concerns: 

•  Wildcat  Creek  was  classified  by 
the  California  Eteparlment  of  Fish  and 
Game  os  one  of  the  last  remaining 
streams  ia  the  San  ^Francisco  Bay  area 
with  almost  a  continuous:  riparian  cn\d- 
romnent  along  its  length.  However,  the 
county/corps  Selected  Plan  would  make 
it  a  concrete  and  earth-lined  channel 
complete  with  covered  box  culverts. 

•  Environmental  experts,  including 
two  nationally  prominent  hydrologists, 
Luna  Leopold  and  Phil  Williams,  feared 
that  tlie  project  would,  ilirough  sedi¬ 
mentation,  do  serious  harm  to  the  wet¬ 
lands  and  nuushes  of  the  lower  flood- 
plain.  Hydrologists  reported  to  the  co¬ 
alition  that  the  corp’s  estimates  of  sedi¬ 
ment  moving  through  the  two  creeks 
v/crc  substantially  too  low;  that  the 
concreic-liiicd  channels  would  not  pro¬ 
vide  the  flood  protcaion  assumed  by 


the  project’s  designers  because  the  sedi¬ 
ment  wou'd  increase  the  hydraulic  re¬ 
sistance  and  decrease  the  capacity  of 
the  charmeis;  that  the  pian  would  cratic 
costly  and  frequent  maintenance  needs; 
and  that  the  proposed  sediment  deten¬ 
tion  basin  on  Wfldcat  Creek  would  not 
protect  the  marshland  of  the  lower 
floodplain  from  sedimentation. 

•  There  were  no  sponsors  or  plans  to 
provide  recreational  open  space  and 
educational  benefits  for  members  of 
the  community  and  other  regional  park 
users. 

Otlier  issues  associated  with  the  Se¬ 
lected  Plan  were  the  safety  hazards  of 
locating  a  box  culvert  for  high-velocity 
storm  flows  next  to  Verde  Elementary 
School;  obstacles  to  getting  regulatory 
approval  from  state  and  federal  agen¬ 
cies;  end  the  difficulty  of  raising  the  lo¬ 
cal  share  of  the  plan’s  cost,  given  the 
Reagan  administration’s  demand  for 
increasing  local  cost-sharing  require¬ 
ments  and  the  plan’s  unattractivencss 
to  other  potential  federal  and  state 
funding  contributors. 

Despite  the  efforts  of  the  Grizzly 
Peak  Flyfishers,  the  East  Bay  Regional 
Park  District,  and  the  California  E>c- 
partment  of  Fish  and  Gajnc  to  increase 
public  and  political  awareness  of  the 


environmental  issues  by  planting  native 
tmui  in  Wildcat  Creek  in  September 
h>83,  ‘he  county  remained  opposed  to 
brviadening  the  project’s  objectives  or 
resfionding  to  technical  reviews.  There¬ 
fore.  the  Urban  Creeks  Council  and  the 
Richmond  Nei^borhoods  Coordinat¬ 
ing  Cc'uncC  decided  to  design  their  own 
flood-control  plan  and  successfully  ap¬ 
plied  to  the  charitable  Vanguard  Foun¬ 
dation  in  San  Francisco  and  the  San 
Francisco  Foundation  for  funding. 
The  coalition  of  neighDorhood  and  en¬ 
vironmental  organizations  used  a  196Qs 
organising  and  community  participa¬ 
tion  strategy  known  as  advocacy  plan¬ 
ning,  in  which  it  solicited  its  own  paid 
and  unpaid  oqjcrts  to  develop  a  new 
“Modified  Plan’’  to  compete  with  the 
coimty/corps  Selected  Plan. 

The  Modified  Plan 

Tht  East  Bay  Regional  Paik  District 
was  an  eariy  supporter  for  developing  a 
plan  that  would  allow  for  the  extension 
of  popular  regional  trails  from  Wfldcat 
Canyon  and  Point  Pinole  Shoreline 
parks  along  Wildcat  and  San  Pablo 
creeks  and  their  marshes.  Financial  as¬ 
sistance  from  the  park  district  and  the 
Save  San  Francisco  Bay  Association 
brought  the  coalition’s  final,  altema- 
th’c  planning  budget  to  $50,000,  enough 
to  pay  for  the  design  of  a  flood-coutrol 
project  on  at  least  one  of  the  creeks,  al¬ 
though  the  design’s  principles  and 
many  of  the  details  would,  of  course, 
be  applicable  to  be  th  creeks.  Ewntual- 
ly,  a  Modified  Pian  for  ViHdcat  Creek 
was  developed  with  a  very  different  de¬ 
sign  philosophy  from  that  of  the  Select¬ 
ed  Plan."  Tills  new  plan  would  modify 
the  existing  creek  charmeis  to  simulate 
the  narural  hydraulic  shape  and  pro> 
csscs  of  undisturbed  streams,  deposit 
the  sediment  in  the  upstream  flood- 
plain,  and  restore  valuable  riparian 
vegetation.  The  pro)70sed  concrete  and 
trapezoidal  earth  channels  of  the  Se¬ 
lected  Pian  were  replaced  In  the  Modi¬ 
fied  Plan  with  more  natural,  low-flow, 
meandering  channels,  floodplains,  set¬ 
back  levees,  planted  gabion  walls,  and 
riparian  trees  (see  Figure  3(b)  on  page 
19).  The  Modified  Plan  also  included 
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regional  traib  and  park  facilities.  The 
coalition’s  planners  developed  their 
own  project  cost  estimates  and  funding 
plan  and  presented  their  Modified  Plan 
at  aD  the  tame  meetings  attended  by  the 
public  and  government  agencies  at 
which  the  Selected  Plan  was  presented. 

The  advocacy  planning  strategy  in¬ 
troduced  alternatives  and,  therefore, 
controversy  into  the  Army  Corps  of 
Engineers’  planning  sessions.  The 
strategy  eventually  forced  a  change  in 
the  planning  process  from  one  in  which 
citizens  were  to  be  briefed  on  the  final 
Selected  Plan  chosen  by  the  county 
board  of  supervisors  and  the  corps  of 
engineers  to  one  in  which  citizens  be¬ 
came  active  participants  in  determining 
the  design  of  the  final  plan.  Also,  chi- 
zcD  participation  evolved  from  a  Citi¬ 
zen  Advisory  Committee  with  hand¬ 
picked  members  who  could  be  depend¬ 
ed  on  to  vote  for  the  Selected  Plan  to  eoi 
open  process  in  which  anyone  affected 
by  the  plan  could  help  to  deteiminc  the 
design. 

With  the  county,  corps  of  engineers, 
and  community  at  loggerheads,  the 
staff  of  state  Aisemblyman  Bob  Camp¬ 
bell  helped  to  negotiate  a  planning 
process  that  used  combined  govern¬ 
ment-citizen  design  and  funding  teams 
to  arrive  at  some  consensus.  Camp¬ 
bell’s  staff  also  helped  North  Rich¬ 
mond  residents  meet  their  share  of  the 
project  costs  by  identifying  state  fund¬ 
ing  sources  made  accessible  by  the 
.roadcr  objectives  of  the  final  “Con¬ 
sensus  Plan.’’  Thus.thc  coaJitiou  used 
its  Modified  Plan  to  force  die  considcr- 
etion  of  a  multi-objective  plan  back  into 
the  planning  process. 

On  19  February'  1985,  the  Contra 
Costa  County  Board  of  Supervisors 
approved  the  Selected  Plan  for  con¬ 
struction  but  left  the  door  open  for 
multi-objective  designs  if  funds  be¬ 
came  available.  In  June  i985,  the  U.S. 
Fish  and  Wildlife  Service  had  reviewed 
the  Selected  Plan  and  issued  their  legal¬ 
ly  required  Biological  Opinion,  which 
prevented  the  corps  from  implcmcni- 
ing  the  Selected  Plan  becau-se  of  its 
probable  impacts  cn  the  marshes  and 
their  endangered  species.  The  Fish  and 
Wildlife  Service  adopted  the  coali- 
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tion’s  Modified  Plan  as  “the  prudent 
and  reasonable  alternative.’’^  In  addi¬ 
tion,  the  San  Francisco  Bay  Conseiva 
tion  and  Development  Commission  did 
not  find  the  Selected  Plan  consistent 
with  the  requirements  of  the  McA.teer- 
Petris  Act  for  the  protection  of  San 
Francisco  Bay  wetlands.”  But  the  com¬ 
mission  found  it  could  permit  the  Mod¬ 
ified  Plan.  A  combination  of  pressure 
from  federal  and  state  environmental 
and  regulating  agencies,  the  endurance 
and  persistence  of  community  F^ders, 
and  press  coverage  resulted  in  the 
adoption  by  the  Contra  Costa  County 
Board  of  Supervisors  of  a  multi-objec¬ 
tive  Consensus  Plan.  Construction  on 
tlic  Consensus  Plan  began  in  1987  and 
still  continues. 

Design  by  Consensus 

When  the  corps  of  engineers  found, 
in  June  1985,  that  it  could  not  imple¬ 
ment  the  Selected  Plan,  the  county 
board  of  supcrviyjrs  established  a  proj¬ 
ect  design  team  to  construct  a  plan  in 
whlcli  the  concerns  of  tlie  government 
agencioi  wi;  i  rcgulatoiy  powers  over 
tbe  project  would  be  properly  coordi¬ 
nated  and  integrated  with  the  concerns 
of  the  public.  The  design  team  was  not 
formed  because  an  enlightened  county 
or  corps  aimed  to  pion«r  consensus 
plarming;  it  wa:  formed  out  of  a  crisis 
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Under  the  Consensus  Plan,  this  part  of 
Wildcat  Creek  is  lined  with  gabions  (on 
the  left)  and  a  rock  bank.  The  trees  lurve 
been  saved  and  more  native  species  will 
be  planted.  (Photo:  Bob  Walker) 


situation  caused  by  the  lack  of  support 
for  the  project  on  the  part  of  state  and 
federal  regulatory  agencies  and  by  the 
negative  publicity  the  proposed  Select¬ 
ed  Plan  had  generated.  The  team  was 
to  produce  a  fundable  project  that  the 
regulatory  agencies  would  accept  and 
that  the  coalition  could  endorse.  Team 
members  included  representatives  from 
the  U.S.  Fish  and  Wildlife  Service,  the 
California  State  Lands  Commission, 
the  California  Department  of  Fish  and 
Game,  the  San  Frandsco  Bay  Conser¬ 
vation  and  Development  Commission, 
the  California  Coastal  Conservancy, 
the  East  Bay  Regional  Park  District, 
state  Assemblyman  Bob  Campbell’s 
office,  state  Senator  Dan  Boatwright’s 
office.  Congressman  George  Miller’s 
office,  the  coalition  and  its  own  profes¬ 
sional  experts,  local  land  and  nursery 
owners,  and,  of  course,  the  Contra 
Costa  County  Flood  Control  District 
and  the  U.S.  Army  Corps  of  Engi- 
nccn.  Meetings  occurred  no  less  than 
once  a  month,  and,  in  1985,  the  meet¬ 
ings  were  sometimes  scheduled  as  often 
as  once  a  week.  Thruugliout  the  plan- 
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ning  effort  of  the  next  three  years,  at¬ 
tendance  at  the  design  team’s  meetings 
remained  high,  averaging  approxi¬ 
mately  20  persons  per  meeting. 

Competition  among  the  different  in¬ 
terests  on  the  team  resulted  in  many 
grueling  meetings.  An  important  turn¬ 
ing  point  in  the  consensus-making 
process  was  the  appointment  of  Jim 
Cutler  as  chairman  of  the  design  team. 
Cutler,  a  neutral  person  from  the  coun¬ 
ty  planning  department  with  good 
group  managemerit  skills,  replaced  the 
county  engineer,  who  had  a  personal 
bias  for  a  single-objective  design.  The 
other  key  component  to  the  success  of 
the  consensus  design  process  was  that 
the  county  paid  the  citizen’s  own  hy- 
diauHc  expert,  Phil  Williams,  who  had 
helped  design  the  Modified  Plan,  to 
represent  the  ixialition  at  design  teani 
meetings.  The  ultimate  measure  of  suc¬ 
cess  of  the  consensus  planning  process 
was  that,  after  an  unsuccessful,  29-year 
planning  history,  the  flood-control 


construction  had  begun  within  two 
years.  Two  notable  problems  arose:  the 
first,  when  relevant  and  mtcrested  par¬ 
ties  were  not  included  on  the  design 
team;  and  the  scc.ond,  when  contin  ity 
in  decisionmaking  and  plan  formula¬ 
tion  broke  down  because  of  continual 
changes  in  corps  and  county  staffing. 
The  first  problem  occurred  because  the 
Richmond  Unified  School  District 
Board  was  not  adequately  involved  in 
the  design  of  the  project,  which  ran 
through  their  property  near  Verde  Ele¬ 
mentary  School.  The  school  board  held 
up  the  project  by  withholding  the  right- 
of-way  until  its  concerns  were  met..  The 
school  board  also  used  the  advocacy 
planning  strategy  by  hiring  a  consul¬ 
tant  to  design  an  alternative  plan.  By 
withholding  tlie  right-of-way,  the  school 
board  was  able  to  force  a  more  envi¬ 
ronmentally  sensitive  treatinent  of  the 
part  of  the  creek  running  through 
school  property. 

The  other  difficult  problem  that 
plagued  the  design  team  was  the  lack  of 
continuity  in  both  the  federal  and  local 
staff  assigned  to  the  project.  Between 
1984  and  1988  the  corps  of  engineers 
assigned  three  different  engineers  to 


the  job  of  projea  manager.  Tlic  resul¬ 
tant  discontinuity  In  decisionmaking 
brought  on  an  environmental  and  pub¬ 
licity  disaster  featured  in  a  front-page 
article  in  the  San  Francisco  Examiner- 
Chronicle  on  14  June  1987.'‘  Construc¬ 
tion  plans  that  did  not  reflect  the  deci¬ 
sions  of  the  design  team  were  given  to 
the  contractors  who  accordingly  bull¬ 
dozed  a  half  mile  of  riparian  vegetation 
that  was  supposed  to  be  preserved. 
Shortly  thereafter,  a  levee  constructed 
in  the  wrong  location  prevented  the  im¬ 
plementation  of  a  marsh  restoration 
project  and  jeopardized  state  funds  for 
the  marsh  enhancement  plan.  The  situ¬ 
ation  was  exacerbated  when  a  key 
member  of  the  county  staff  gave  tire 
construction  contractors  approval  to 
proceed  with  plans  that  did  not  corre¬ 
spond  to  the  team’s  decisions.  To  pre¬ 
vent  further  problems,  the  design  team 
adopted  a  new  system  of  taking  team- 
appreved  minutes  in  addition  to  pub¬ 
lishing  and  mailing  aoss-sections  and 
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and  project  designs  to  all  design  team 
members. 

Design  Features 

The  design  team  chose  features  for 
the  Consensus  Plan  from  the  designs  of 
the  Modified  and  Selected  plans  aT 
ready  proposed.  Although  the  design 
team’s  final  Consensus  Plan  is  a  com¬ 
promise  between  the  two  plans,  the  ba¬ 
sic  components  of  the  Modific^l  Plan 
were  retained  because  of  the  impor¬ 
tance  of  managing  the  large  amount  of 
sediment,  particularly  in  the  Wildcat 
watershed,  to  avoid  degrading  the  en¬ 
dangered  species’  habitat  in  the  marsh¬ 
es  (sec  Figure  3(c)  on  page  19). 

One  of  the  most  important  Icaturcs 
of  the  coalition’s  Modified  Plan  was 
that  the  stream  corridors,  or  flood- 
wa^-s,  would  lemain  within  the  same 
narrow  right-of-way  boundaries  that 
the  1982  county’s  Selected  Plan  used 
and  would  provide  the  same  level  of 
protection  against  a  lOfl-year  flood. 
The  right-of-ways  of  the  corps’  origina] 
1976  plan  had  been  up  to  250  feet  wide 
to  accommodate  certain  cn’.iromncntal 
features.  Tlic  Modified  Pirn,  however. 


included  riparian  vegetation  next  to  the 
channels  and  a  terrace  for  sediment  ac¬ 
cumulation  but  did  not  increase  the 


project’s  width  beyond  180  feet.  Yet 
the  designs  of  the  Modified  Plan  that 
were  incorporated  into  the  Consensus 
Plan  pro'/ided  the  riame  lesel  of  flood 
protection  as  the  1976  design  because  a 
different  design  philo.sophy  was  used  in 
which  the  charmels  were  modeled  not 
on  the  dimensions  or  performance  of  a 
hydraulic  flume  but  on  natural  channel 
geometry.  Thus,  the  design  of  the  Con¬ 
sensus  Plan  disproves  the  common  pre¬ 
sumption  that  only  trapezoidal  or  rec¬ 
tangular  channel  geometry  can  be  used 
in  a  narrow  projea  right-of-way. 

Ultimately,  sections  of  the  right-of- 
ways  in  the  Consensus  Plan  were  in¬ 
creased  because  state  and  local  entities 
purchased  or  donated  lands  to  enhance 
the  project.  For  example,  the  State 
Lands  Commission  purchased  some 
downstream  land  on  Wildcat  Creek  be¬ 
tween  the  riparian  area  and  the  marsh 
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enhance  the  environment  and  catch 
sediment.  Upstream  on  Wildcat  Creek, 
the  school  dlstrid  donated  additional 


land  for  the  right-of-way  to  provide 
more  and  better  design  options.  The 
county  had  never  presented  these  op¬ 
tions  to  the  school  board.  Because  of 
design  problems  with  the  sediment  ba¬ 
sin,  corps  and  county  cffidals  conclud¬ 
ed  that  the  basin  should  be  relocated  to 
an  upstream  site.  This  change  ultimate¬ 
ly  raised  the  land  acquisition  costs  for 
the  projea. 

The  Con.scnsus  Plan  sub'^ufed  the 
standard  trapezoidal  dirt  and  riprap 
channels,  rectangular  conerrte  chan¬ 
nels,  and  box  culverts  of  the  ScFaed 
Plan  with  natural  floodplain  features 
of  the  Modified  Plan  wherever  possi¬ 
ble.  The  Consensus  Plan  has  10-  to 
15-foot-wide,  meandering,  low- flow 
channels  designed  to  carry  the  creek’s 
1.5  recurrence  interval  flows  (mean 
flows)  and  floodplains  where  the  flows 
could  spread,  lose  velocity,  and  deposit 
sediment.  Riparian  vegetation  is  in¬ 
cluded  on  botli  sides  of  the  low-flow 
cliannels  and  riparian  trees  wfll  shade 
the  channels  and  prevent  the  growth  of 
bulrushes  and  willows,  which  obstrurt 
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flow.  Althougli  previous  corps  proj»:rt 
designs  had  designated  a  low-flosv 
channel  in  lower  Wildcat  Creek,  mey 
did  not  include  natural  chanr...  geome¬ 
try  or  vegetation  or  grading  plans  that 
would  help  define  stable,  low-flow 
channels.  Tyi)ically,  the  corps’  low- 
flow  channeL,  .superimposed  on  open, 
widc-boti'  ji,  trapezoidal  channels  are 
unstable,  braided,  and  choked  with 
bulrushes. 

The  Consensus  Plan  is  designed  so 
that  sediment  deposition  will  occur 
where  h  is  least  harmful — on  the  flood- 
plain  and  in  the  bay.  By  trapping  as 
much  sediment  in  the  upstream  flood- 
plains  as  possible,  filling  of  the  down¬ 
stream  marsh  with  sediment  should  be 
prevented.  The  Consensus  Plan  assures 
that  the  low-flow  channels  will  scour 
and  transport  as  much  sediment  as  pos¬ 
sible  to  San  Pablo  Bay.  To  furtlier  pro¬ 
tect  the  marsh  from  sedimentation,  the 
plan  also  calls  for  widening  the  slough 
channels  through  the  marsh  so  that  sus¬ 
pended  sediments  can  be  conveyed  by 
the  chanasls  witlioui  overtopping  into 
the  marsh  and  for  excavating  sediment 
to  increase  the  btackish  marsh  area  and 
restore  the  marsh’s  tidal  action. 

TechrJca]  Issues 

The  roost  contentious  technical  is¬ 
sues  faced  by  the  dedgn  team  mcluded 
making  reasonable  estimates  of  the 
sediment  loads  carried  by  the  creeks, 
assessing  the  ability  of  the  coips’  pro¬ 
posed  sediment  basin  to  collect  sedi¬ 
ment,  judging  the  safety  of  concrete 
box  culverts,  and  assigning  rouglincss 
values  to  proposed  revegetatioa  areas. 
The  coalition’s  experts  argued  that  the 
natural  creek  channels  were  aggrading 
with  high  sediment  loads  and  predUcted 
that  the  even  wider,  trapezoidal  chan¬ 
nels  proposed  by  the  corps  would  fur¬ 
ther  increase  sedimentation.  The  nar¬ 
row,  low-flow  channels  of  the  Modi¬ 
fied  Plan,  therefore,  were  better  de- 
agned  to  transport  sediment  in  stispcn- 
sion  at  higher  velocities.  Phii  Wiloams 
and  Ltma  Leopold  also  questioned  the 
ability  of  the  corps’  proposed  sediment 
basin  to  peridrm  as  a  sediment  trap. 
Later  the  corps*  own  spcoalists  at  the 


Waterways  Experiment  Station  in  Vkks- 
burg,  Mississippi,  independently  raised 
the  same  concern.  Therefore,  (he  de¬ 
sign  team  decided  to  locate  the  basm 


further  upstream,  and  they  adopted  the 
floodplains,  wetland  transition  zone, 
and  higlier  velocity,  low-flow  channels 
of  the  Modified  Plan  to  keep  the  sedi- 


FiGURE  3.  Cross>&ection8  of  creek  channels  designed  for  the 
Selected,  Modified,  a^d  Consensus  plans  for  the  flood-control 
project  on  Wildcat  and  San  Pablo  Creeks  in  North  Richmond, 
Califomia. 


(a)  19U2  Selected  Plan  proposed  by  Contra  Costa  Courrty  and  U.S.  Army 
Corps  of  Engineers. 
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(b)  1984  Modified  Plan  proposed  by  6  joalitJon  of  North  Richmond 
community  organizations. 
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(c)  1986  Cortsensus  Plan  developed  by  a  design  team  of  community, 
county,  and  federal  representatives. 


SOURCES:  U.S  Army  CoqP9  o!  Eflginwrs,  Gefrarm/  OMTcn  Mmonnduw  and  Baals  of  Deaifyi  lor 
floacd  1,  WBdsal  and  San  PaUc  Oatfra  (Sacramenlo,  U.S.  ACE,  Sacramanto  Distrtet,  Octobor 
1965),  Poster  oT  Ihs  ModifleJ  Plan  pubftshod  by  a  co»]:tion  of  Nortr  Richmond  community  ofsaiUza- 
Uons  IrickKling  (he  Eas)  Bay  Re^/lonaJ  Park  tAStdet.  and  U.S.  Amty  Corpa  of  bnofrwers.  Suppivnont 
No.  3  w  Dasis/n  klamoranOum  7,  Wtdeat  and  San  PaUo  Creeta  EfrAormantal  Mmgatton  Preyeef 
(Sacrartiemo.  CaUif :  U.S.  ACE,  Sactimento  Diatrlct,  Auguat  1886) 
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ment  load  i>om  ending  up  in  the  marsh 
or  significantly  decreasing  the  chan¬ 
nels’  capacity. 

Another  difficult  design  issue  to  re¬ 
solve  was  how  to  make  up  for  the  loss 
of  24  acres  of  riparian  vegetation.  The 
county’s  1982  proposal  called  for  plant  ¬ 
ing  trees  on  some  acreage  north  of 


Wildcat  Creek.  In  the  Consensus  Plan, 
trees  planted  along  the  two  creeks’  low- 
flow  channels  would  help  guide  chan¬ 
nel  fonnation  and  shade  the  bank  to 
prevent  it  from  clogging  with  nishes, 
reeds,  and  sediment.  However,  county 
engineers  did  not  want  vegetation  near 
the  channels  because  ihey  felt  this 
would  make  channel  maintenance  dif¬ 
ficult  for  them.  Thus,  choosing  rcugh- 
ncss  values  that  would  determine  how 
much  vegetation  could  be  allowed 
without  reducing  the  needed  channel 
capacity  became  a  critical  aspect  in  the 
design  of  the  Consensus  Plan. 

Roughness  values  arc  calculated  by 
using  the  Manning  Equation  to  de¬ 
scribe  the  flow  resistanne  caused  by  the 
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water  must  flow.  But  the  assignment  of 
roughness  values  is  a  very  subjective 
process.  The  corps  originally  consid¬ 
ered  using  the  values  0.100  for  the  ri¬ 
parian  areas  south  of  the  low- flow 
channels  and  0.045  for  the  north  flood- 
plains.  (Lower  roughness  values  mean 
more  vegetation  is  allowable.)  The  de¬ 
sign  team  Anally  decided  that  a  com¬ 
posite  value  for  the  low-flow  channels 
and  south  bank  ripaiian  forests  would 
be  0.050  (conditional  upon  maintain¬ 
ing  clear  low-flow  channels),  and  a 
rouglmcss  value  of  0.035  was  assigned 
to  the  north  bank  floodplains  for  low 
.shrubs  and  grasses. 

Once  roughness  values  had  been 
chosen,  the  design  team  had  to  agree 
upon  a  maintenance  plan  for  keeping 
the  low-flow  channels  cleared  of  vege¬ 
tation  until  a  riparian  canopy  could 
grow  to  .shade  out  the  unwanted,  clog¬ 
ging  reed  growth  c.rpccted  in  exposed, 
low-flow  channels.  The  agieemcnt  ne¬ 
gotiated  between  the  county  supervisor 
and  the  corps’  project  manager  pro¬ 
vides  for  inexpensive  hand  labor  by 
conservation  crews  to  clear  the  unwant¬ 
ed  vegetation.  Potential  maintenance 


crews  include  the  State  of  Califoniia 
Conservation  Corps  and  a  local  East 
Bay  Coaservation  Corps  as  well  as  la¬ 
bor  from  the  state’s  new  workforce 
program.  It  was  abo  agreed  that  the 
standard,  annual  maintenance  routines 
for  removing  sediment  or  clearing  veg¬ 
etation  would  be  substituted  with  a 
maintenance  schedule  based  on  actual 
need.  Thus,  maintenance  activities, 
costs,  and  negative  environmental  im¬ 
pacts  resulting  from  channel  mainte¬ 
nance  should  be  reduced. 

Maintenance 

The  consensus  maintenance  plan  is 
one  of  the  most  important  innovatioas 
of  this  project.  Federal  government, 
policy  mandates  that  local  project 
sponsors  must  accept  long-term  re¬ 
sponsibility  for  the  maintenance  of  any 
project.  But  corps  officials  readily  ad¬ 
mit  that  such  maintenance  costs  have 
been  grossly  underestimated  over  the 
years.  These  costs  may  have  been  un- 

on  the  costs  side  of  the  cost-benefit 
analyses,  but  another  likely  reason  for 
the  misjudgraent  is  that  the  corps’ 
channelization  projects  have  not  per¬ 
formed  as  the  engineers  expeaed.  Many 
flood-control  channels  quickly  rc-cs- 
tablish  their  original  grades  when  sedi¬ 
ment  fills  in  the  project’s  designed 
grade,  thus  greatly  reducing  the  chan¬ 
nel  capacities.  Lowered  capacity  results 
in  more  frequent  and  more  expensive 
maintenance  bills. 

Because  the  design  team  also  had  to 
face  the  reality  of  the  project’s  limited 
maintenance  budget,  a  critical  need  of 
the  Consensus  Plan  was  to  provide  a 
channel  design  that  would  reflect  the 
equilibrium  in  a  natural  system  and 
that  would  assume  a  certain  amount  of 
sediment  dcpo.silion  in  the  calculation 
of  channel  capacities.  The  Wildcat-San 
Pablo  Creek  Maintenance  Master  Plan 
was  as  much  a  negotiated  pan  of  the 
design  team’s  Consensus  Plan  as  the 
project  features.  It  requires  an  annual 
field  inspection  of  the  project  by  inter¬ 
ested  agencies  and  community  organi¬ 
zations.  The  Hydraulic  Engineering 
Ccntcr-2  water  surface  profile  model 


will  be  used  to  estimate  charmel  capac¬ 
ity  at  cross  sections  selected  for  moni¬ 
toring.  When  vegetative  growth  and 
sediment  deposition  reduce  the  two 
creeks’  freeboards  by  50  percent,  par¬ 
ticipants  in  the  maintenance  planning 
will  prescribe  how  to  tliin  the  vegeta¬ 
tion  and/or  remove  sediment  to  re-es¬ 
tablish  the  channeb’  capacity  while 
minimizing  maintenance  activity  im¬ 
pacts  cn  the  environment. 

To  design  a  revegetation  plan  that 
would  reflect  the  needs  of  the  U.S.  Fish 
and  Wildlife  Service,  the  California 
State  Lands  Commission,  and  other 
members  of  the  design  team,  the  coun¬ 
ty  asked  the  corps  of  engineers  to  con¬ 
tract  with  the  Soil  Conservation  Serv¬ 
ice,  which  has  experience  with  the  re- 
vegeiation  and  restoration  of  streams, 
la  September  1988,  the  Soil  Conserva¬ 
tion  Service  and  the  corps  issued  a  rec¬ 
reation  and  revegetation  supplement  to 
the  corps’  design  memorandum  about 
the  Consensus  Plan."  Their  revegeta¬ 
tion  design  objective  b  not  to  landscape 
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riparian  environment  along  the  low- 
flow  channeb.  Revegetation  will  be 
done  with  cuttings  from  nearby  plants, 
seeds  from  California  species  native  to 
the  locale,  and  some  container  stock. 
Because  of  the  competence  demon¬ 
strated  by  the  landscape  architects  in 
the  design  process,  the  design  team 
asked  the  corps  to  retain  the  Soil  Con¬ 
servation  Service  staff  for  the  actual 
plant  installation. 

The  most  significant  test  of  thb  inno¬ 
vative  project  remains,  however:  to 
complete  construction  according  to  the 
design  team’s  plans  and  spedfications. 
The  Army  Corp.s  of  Engineers  estimates 
that  construaion  should  be  completed 
in  1990. 

The  Funding  Strategy 

The  coalition  s  Modified  Plan  and 
the  county’s  Selected  Plan  had  very 
siinilar  cost  estimates.  The  Consensus 
Plan’s  costs  were  higher  because  the 
sediment  basin  was  redesigned  and  re¬ 
located.  The  transition  of  thb  project 
from  a  single-objective  flood-control 
(continued  on  page  29) 
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project  to  E  multi-objective  project  to 
restore  marshes,  provide  recreational 
ai^d  educational  opporiunitics,  and  en 
hance  tlic  cnviionment,  as  well  as  to 
control  flood  darnages,  mads  it  possi¬ 
ble  to  attract  funding  from  state  agen¬ 
cies  tliat  could  not  otherwise  have  con¬ 
tributed.  F'or  example: 

*  The  Easi  Bay  Regional  Park  Dis¬ 
trict  committed  $793,000.  which  was 
matched  by  anotl-CT  $793,000  by  the 
corps,  for  a  regional  trail  system.  The 
park  district  later  committed  $19,000 
to  help  enhance  creeksidc  educaiional 
opportunities  near  Verde  Elementary 
School  and  may  commit  more  as  the 
recreational  end  educational  projea 
element  is  finalized. 

The  California  State  Lands  Com¬ 
mission  purchased  $240,000  worth  of 
land  for  the  Wildcat  Creek  wetland 
transition  zone. 

*  In  February  1987,  the  Califoruia 
Coastal  Conservancy  Board  author¬ 
ized  the  expenditure  of  $578,000  for 
marsh  restoration  and  riparian  en¬ 
hancement  areas.  After  the  ori^nal 
restoration  plan  was  damaged  by  the 
construction  mistakes  in  the  Wildcat 
and  San  Pablo  creek  marshes  and  the 
county  failed  to  identify  willing  sellers 
of  riparian  land  parcels,  the  Coastal 
Conservancy  headed  a  task  force  to 
come  up  with  a  new  marsh  restoration 
plan.  A  total  of  $^6,000  was  used  from 
the  first  Coastal  Conservancy  authori¬ 
zation,  $5,000  was  provided  to  the 
design  team  effort,  and  a  second  au¬ 
thorization  of  $314,870  was  committed 
by  the  coiu;ervancy’s  board  to  imple¬ 
ment  a  revised  restoration  plan. 

*  In  June  1989,  the  California  De¬ 
partment  of  Water  Resources  awarded 
a  $100,000  grant  because  the  projea  in¬ 
volved  design  irmovations,  a  commit 
meat  to  citizen  participation,  and  edu¬ 
cational  opportunities. 

As  of  fan  1989,  the  Consensus  Plan 
has  attraacd  funds  totaling  more  than 
$2  Bullion.  A  projea  finance  committee 
composed  of  local,  stale,  and  federal 
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representatives  and  agency  staffs  has 
not  yet  complaed  its  fund-raising  aaivi- 
ties,  and  there  are  reasonable  chances  of 
more  state,  park  dislria,  or  foundation 
monies  becoming  available. 

The  federal  projea  cost-sharing  pol- 
ic3’  in  the  1980s  has  been  to  increase 
nonfederal  contributions  for  projects 
and  to  use  community’s  willingness 
and  abHity  to  pay  as  an  important  crite¬ 
rion  for  selecting  projects  for  constnic- 
tion.  Such  policies  discriminate  against 
a  poor  corrununity  trying  to  meet  its 
share  of  the  large  costs  assodaled  vnth 
a.  wafer  projea.  The  most  effective 
stimegy  for  helping  North  Richmond 
to  raise  its  sliare  of  the  cost  was  to  di¬ 
versify  the  p.'oj  ■*  and  attraa  state  dol¬ 
lars.  Unfortun,  ly,  this  stiategy  rc- 
ailted  in  a  dif/  tt  Cdtch-22.  By  at¬ 
tracting  more  d  s  to  the  projea  for 
these  diverse  bca*.  js,  which  are  aaual- 
ly  classified  as  projea  coats  by  federal 
standards,  the  costs  side  of  the  cost- 
benefit  ratio  was  raised  .nnd  might  have 
upsa  the  required  ratio  baween  co.sts 
and  benefits  for  projea  approval.  The 
corps’  project  manager  eleveriy  adapt¬ 
ed  to  this  impossible  citiialion  by  ckssi- 
fying  the  marsh  restoration,  some  of 
the  ripaian  areas,  the  wttland  transi¬ 
tion  zone,  the  Verde  Elementary  School 
revegetation  and  educational  area,  and 
the  park  distria  stagLng  area  as  en¬ 
hancements  occurring  outside  the  proj¬ 
ect’s  boundaries  and.  therefore,  not 
part  of  tlie  o.fficial  projea  costs.  Be¬ 
cause  the  corps  clasrified  these  projea 
conyxjncnts  as  enhancements  they  b  - 
csimc  the  financial  responsibility  of  the 
coBununity.  Uhinialcly,  Uie  transition 
zone  was  made  a  projea  requirement 
by  the  Endangered  Species  Aa  as  a 
control  point  for  sediment  calchracnl 
and  had  to  be  included  ni  the  projea 
costs  equation. 

Federal  policies  for  projea  evalua¬ 
tion  and  funding  arc  strongly  biased 
against  a  projea  like  North  Ridnnond’s 
flood  control.  Fcdcra.  definitions  of 
water-project  costs  and  benefits  do  not 
reflca  the  broad,  long-term  needs  and 
values  of  tlie  conununitics  where  such 
projects  arc  often  located.  Likc'wise, 
the  fcdcial  cost -sharing  policies  do  noi 
recognize  unique,  local  economic  and 


social  conditions.  The  poheies  discrim¬ 
inate  against  financially  disadvantaged 
communities  attempting  to  benefit  from 
federal  projects  cvicn  though  these  com¬ 
munities  are  frequently  located  in  some 
of  the  most  hazardous  areas.  Bccau.se 
the  cost-sliaiing  policies  make  it  a  local 
responsibaity  to  purchase  lands,  ease¬ 
ments,  and  right-of-ways,  there  is  a 
buflt-in  bias  against  the  purchase  of  ri¬ 
parian  preservation  zones,  trails,  and 
other  environmental  features. 


Policies  and  Practices 

At  the  same  time  as  corps  officials, 
Congjessman  George  Miller,  and  ioca! 
representatives  were  brandishing  thtir 
sliovcls  at  the  projea’s  grou:id-brcak- 
ing  ceremony  in  Oaober  19S6,  a  nrw 
policy  for  the  authorization  a;.d  drai^i 
of  water  proj  eas  was  being  .set  ou:  by 
the  1986  Water  Resources  Develop¬ 
ment  Act.  After  &  follow-up  svater  orn- 
nibi-is  bill  was  passed  in  1988,  ibe  cotps 
issued  the  of  Water  K-ysourccs 

Policies:  and  Authorities,  which  t  visc-4 
as  a  policy  guide  for  the  developincnt 
of  water  projeOs  by  corps  pe?soar:ei.‘‘ 
There  arc  no  provisions  in  these  pob- 
cies  to  design  environmental  quality 
plans  or  nonstruaural  altcraativits 
part  of  the  flood-control  plannin.'j 
process.  The  m.sin  component  of  fb: 
new  policy  is  to  increase  substantiail;’ 
the  nonfederal  share  of  projea  cosa. 
Accommodating  the  financial  need  of  a 
community  is  left  to  the  di.scretior.  of 
the  assistant  secretary  of  the  array  in 
charge  of  civil  works.  Tlie  corps  is  to 
build  NED  plans  that  maximize  !:a 
benefits,  and  any  project  enhance¬ 
ments  bci'ond  this  sic  to  be  paid  for 
solely  by  the  conun'  aiiy.  ITiis  policy 
translates  into  the  assumption  that  the 
corps  will  construct  channdizatio.n 
projects  tor  flood  control,  but  that  cn 
viroiuncntal  features  of  some  feiaJ  tati 
be  tacked  on  only  if  the  cominunity 
pays  for  them.  The  new  policy  also 
maintains  the  barrier  against  any  ri.r;-;’  ■ 
c!  in  whidi  a  different  design  phi;:.-.o- 
phy  is  used  to  build  more  natural,  wa 
bic  charmels  integrated  with  other  envi- 
ronmcutal  features. 
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Tha?  ftjr  some  pwsiibilitics  for  im¬ 
proving  the  policies  and  practices  oiil- 
liued  in  the  corps’  digest.  For  exampV, 
the  policies  have  left  open  the  jiosabil- 
iiy  that  communities  may  selca  stnalier 
projects  than  what  is  needed  for  protec¬ 
tion  from  the  lOO-^’car  flood.  This  kind 
of  choice  is  based  on  the  rationde  that, 
if  the  locals  are  going  to  pay  for  more 
of  the  project,  they  should  be  able  to 
have  more  say  ir,  tlie  projert  design. 

Even  though  North  Richmond  is  a 
federally  recognized  poverty  area,  the 
assistant  secretary  of  the  army  io 
charge  of  civil  works  did  not  respond  to 
the  request  of  Congressman  Miller  to 
provide  a  larger  federal  share  of  the 
pixjjcct  cost.  1  his  refusal  may  be  credit¬ 
ed  to  North  Rkhmonii^  location  in  an 
afllucnt  coimty.  Revenues  for  flood- 
control  projects  are  raised  by  as.ves.sing 
the  districts  where  the  projects  are  lo¬ 
cated.  But  in  ccasiai  California,  it  is 
not  imusual  for  poorer  communities  to 
be  located  in  downsUcam  floodnlaius 
while  the  wealthy  live  on  the  upstream 
hiDs  where  no  flood  hazards  exist.  Typ¬ 
ically,  segments  of  tlie  population  \.ho 
live  adjacent  to  projects  but  do  not  ben¬ 
efit  from  them  do  not  elect  to  fund  the 
projects.  Federal  cost-sharmg  policics 
and  the  assistant  secretary  of  the  army 
need  to  be  more  realistic  about  local  so- 
ciooconomic  conditions.  If  Noith  Rich¬ 
mond,  with  a  median  amiual  income  of 
$7,412  and  a  64.5  {vcrcent  poverty  latc. 


cannot  qualify  for  flexible  cost-sharing 
arrangements,  then  what  community 
wUl? 

In  the  interest  of  holding  dovm  fed- 
ciai  watci-projcct  ercpcnditurcs,  the 
federal  government  clings  to  the  use  of 
an  outaiotled  cost-benefii  ariKlysis  and 
an  inequitable  cost-.sharing  system  that 
are  biased  against  low-income  areas 
and  noanructural  soiutioas.  Even  the 
environmental  lobby  supports  the  fed- 
cial  cost-sharing  policies  in  the  t)ehcf 
that  such  policies  will  reduce  the  num¬ 
ber  of  projects  and  thus  reduce  damage 
10  the  enwomnent.  The  endorsement 
of  such  policies  strikes  a  blow  to  ration¬ 
al  planning  in  whici,  plans  are  designed 
to  fulfill  desiiolilt  objectives.  It  is  in- 
contislcnl  and  contradictory  for  envi 
ronmcntal  advocates  to  challenge  the 
use  of  the  cost-benefit  amdysis  as  an 
ovcrsimpiificd  means  to  justify  the  se¬ 
lection  of  projccti.  for  federal  assis¬ 
tance  but  to  accept  the  u.se  of  co.st-shai- 
i.'^ig  arrangements  as  a  critical  aspect  of 
the  project  justification  process.  More- 
ov:r,  the  co.st-bcrxlit  analysis  and  the 
cust-sb,arh.'.g  system  should  not  be  the 
only  dctcivitinaitls  for  qualdyint,  proj 
ccts  for  federal  supiKUt;  local  priori¬ 
ties,  n^reds,  and  objectives  must  be  in- 
coiporaled  into  the  plaas,  as  sl.ouid 
broader  national  goals  foi  sodal  and 
environmental  needs. 

Federal  waicr-projoct  pi,  lining  has 
been  and  will  continue  to  be  drive  n  on 


A  teacher  takes  his  stua'enis  to  explore 
Wildcat  Creek.  The  creek,  which  runs 
along  the  south  side  of  Verde 
Elemen'ary  School,  presents  mc.ty 
educt  tionai  opportunities.  (Photo: 
Alan  La  Pointe) 


the  basis  of  the  scarce  federal  dollar. 
The  great  irony  of  the  impasse  is  that  a 
reformed  system  using  objectives-based 
planning  and  tcch'uc.al  designs  based 
on  concepts  of  hydrology  instead  of 
channel  hydraulics  would  reduce  both 
the  federal  share  of  costs  and  the  total 
project  construction  bill.  Objectives- 
based  planning  wiO  save  federal  dollars 
because: 

•  the  projects  that  will  legitimately 
meet  tire  test  of  fulfilling  multiple  ob¬ 
jectives  are  few; 

•  different  technologies,  such  as 
stream  restoration  strategies,  can  lower 
project  costs; 

•  different  construction  and  main¬ 
tenance  techniques  may  contribute  to 
local  economies  just  as  the  works 
Progress  Administration  did  in  the 
19110s  and  1940s:  and 

•  protection  measures  against  the 
smaller,  more  frequent  flood.s  iiisteal 
of  the  larger,  100-year  floods  will  re¬ 
duce  the  cost  of  many  pr^  ects. 

Citizen  participation  .  considered 
by  many  water-project  planners  to  be  a 
costly  nuisance,  but  many  project  engi¬ 
neers  xmd  nicmbcis  of  Congress  can  tell 
of  dtiimatic  plamring-co-st  oveiTun.s 
that  occurred  after  years  of  studies  and 
planning  v.-hen  citizens  bhxked  proj¬ 
ects  after  they  were  authorized  or  be¬ 
fore  construction  started.  Most  federal 
water-project  planners  do  not  realize 
tltiU  a  tiiglr  level  of  citizen  participation 
can  attract  finain-ial  contributors  to 
projects.  Citizen  participation  can  also 
rtimiilatc  political  support  and  interns', 
hi  a  project,  and  such  support  is  crucial 
to  attracting  project  money  from  a  di¬ 
versity  of  local,  county,  regional,  ai)d 
tiate  progiams.  In  addition,  just  as  tlie 
multiple  objccuves  of  the  GmseaSLU. 
Plan  brought  in  nonfedcial  fund.s, 
projects  lliU  meet  more  than  one  ob¬ 
jective,  such  as  park  development,  fish 
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erics  enhancemenl,  recreation,  and 
wildUfc  benefits,  save  federal  dollars  by 
attracting  other  funding  sources,  such 
as  state  and  local  resource,  fish-and- 
gamc,  and  park  agencies. 

Some  nonstructural  and  enmon- 
mentally  sensitive  design  measures  do 
incur  higher  land  acquisition  costs.  But 
these  costs  need  to  be  balanced  against 
the  long-term  costs  of  maintaining 
structural  engineering  works,  constant 
sediment  removal,  vegetation  removal, 
and  the  unintended  impacts  common 
to  the  traditional  pro.iect  desigri.  Fiscal¬ 
ly  responsible  policymaking  and  proj¬ 
ect  design  must  weigh  the  true,  long¬ 
term  costs  of  traditionally  designed 
projects  against  the  costs  of  land  acqui- 
stion. 

The  U.S.  Army  Corps  of  En^eeis 
is  proud  of  the  flood-control  project  on 
Wildcat  and  San  Pablo  creeks.  An  en¬ 
gineer  for  the  Sacramento  district 
wrote  an  article  for  Hydraulic  Engi¬ 
neering  describing  the  interesting  hy- 
draulias  of  the  Consensus  Plan.*’  Ihc 
corps’  Waterways  Eiqicrimcat  SUttion 
has  encouraged  the  use  of  this  project 
as  a  model  for  future  water-project  de¬ 
signs  in  training  courses.  However, 
wcU-tatentioned  corps  personnel  who 
want  to  respond  to  local  needs  in  for¬ 
mulating  plans  find  themselves  caught 
between  confUaing  local  needs  and 
federal  policies.  Over  the  last  10  years, 
the  projea  in  North  Richmond  is  just  1 
of  12  California  water  projects  that  the 
public  has  tried  to  redesign  to  meet 
community  needs. 

The  ciurent  federal  system  of  water- 
project  evaluation  is  so  narrow  that  only 
those  conuuunities  with  the  most  influ- 
cr.tial  representatives  will  be  abie  to  cir¬ 
cumvent  the  plajining  system  through  a 
long  and  costly  process  and  get  a  proj¬ 
ect  that  meets  community  needs.  Sucli 
a  system  docs  not  stop  pork-barrel 
projects;  it  only  makes  them  more 
timc-consunung  and  expensive.  Otily  a 
system  that  recognizes  the  need  for 
mulij-objcaivc  plaiming  and  ensures 
that  these  objectives  arc  met  by  the 
project  under  consideration  for  federal 
assistance  will  produce  water  develop¬ 
ment  projects  with  genuine  local  and 
national  benefits. 
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Mud  Mountain  Dam,  F'lood  Control  Challenges 
In  a  Hostile  Environment 

James  L.  Lencioni,  P.E.  ’ 


Introduction 


Mud  Mountain  Dam  was  constructed  by  tha  Seattle  District 
during  the  1940 's  to  control  flooding  along  the  Puyallup  River 
downstream  from  the  city  of  Puyallup  in  western  Washington  state. 
The  425-ft  high,  rolled-f illed  earth  embankment  is  actually 
located  on  the  White  River,  a  major  tributary  to  the  Puyallup 
River,  and  approximately  3  0  miles  upstream,  from  the  authorized 
flood  control  area.  Mud  Mountain  Dam  controls  an  approximately 
400  square  mile  portion  of  the  White  River's  drainage  basin.  At 
the  time  of  construction,  the  White  River  downstream  from  the  dam 
was  largely  undeveloped. 

The  White  River  drains  the  northern  and  northeastern  slopes 
of  Mount  Rainier  originating  from  the  Emmons  and  Winthrop 
Glaciers.  The  stream  gradient  between  the  sources  and  the  head 
of  the  reservoir  averages  about  loo  ft  per  mile  (0.018  ft/ft) . 
Mount  Rainier,  with  a  peak  elevation  of  14,411  ft,  has 
experienced  numerous  volcanic  eruptions  over  it's  history  and 
dominates  the  geologic  and  sedimient  characteristics  of  tiie  White 
River  basin.  The  river's  sediment  inflow  to  the  Mud  Mountain  Dam 
reservoir  is  very  high,  and  varies  in  composition  between  fine 
sand  and  silt  carried  during  the  summer  month's  glacier  melt 
period  and  large  sand,  gravel  and  cobbles  during  the  winter  rain¬ 
generated  flood  events. 

Mud  Mountain  Dam  is  operated  as  a  single  purpose  flood 
control  storage  project.  The  reservoir  is  kept  essentially  empty 
except  during  periods  of  high  inflow  during  the  winter  months 
when  water  is  stored  behind  the  dam  to  control  flooding 
downstream.  Water  is  then  released  as  fast  as  possible  after  the 
peak  of  the  in.flow  to  p  ovide  storage  for  subsequent  floods.  The 
cycle  of  stoi ing  and  releasing  water  is  repeated  as  often  as 
storm  conditions  r'^quire.  During  a  typical  flood  season,  ?.  to  3 
flood  events  having  durations  on  the  order  of  one  week  generally 
occur . 

The  existing  flood  control  hydraulic  features  consist  ct  two 
separate  tunnels  serviced  by  individual  intake  towers,  botli  of 
which  would  be  deeply  submerged  during  large  flood  events.  One 
t.unnel  is  of  a  9-ft  horseshoe-shape  with  a  discharge  capacity  of 
approximately  5,200  cfs.  The  other  tunnel  is  a  23-ft  diameter 
concrete-lined  structure  which  trifurcates  into  three,  8.5  It 
diameter  steel  pressure  pipes  having  a  total  capacity  of 
approximately  12,400  cfs.  Modifications  to  the  intake  towers  and 
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outlets  works  are  presently  under  constructicn  to  ensure  flood 
control  and  reservoir  drav/down  capability  during  and  following 
major  flood  events.  Critical  design  considerations  included 
identification  of  the  amount  and  spatial  depositional  pattern  of 
sediments  inflowing  to  the  reservoir  during  major  flood  events, 
intake  tower  location  and  subsequent  tunnel  alinement  constraints 
necessary  to  economically  interface  with  the  existing  structures, 
and  the  approximately  300-ft  design  head  on  the  tunnels. 

Dam-Safety  Assurance  study 

Dam-safety  assurance  studies  in  the  mid-1980's  identified 
several  dam  safety  deficiencies  at  the  existing  project.  The 
issues  directly  related  ;,o  the  flood  control  works  inc].uded 
potential  debris  and  sediment  blockage  of  the  intake  towers 
and/or  tunnels  during  large  floods  similar  to  those  expected 
under  project  design  to  spillway  design  conditions.  Such 
blockage  conditions  would  significantly  impact  flood  control  ■  nd 
after-flood  drawdown  capability  of  the  project  with  subsecjaent 
impact  upon  other  geotechnical  concerns  at  the  project.  Another 
concern  with  the  original  design  included  the  rec>..rring  damage 
and  periodic  maintenance  repair  required  in  the  9-ft  tunnel  every 
2-3  years  as  a  result  of  the  large  amounts  of  large-sized 
sediments  carried  through  that  tunnel. 

He  s  e  r  v  o  j.  r  Sedimeritat  ion  Invest  in  at  ions 

General .  Determination  of  an  estimate  of  the  amount  of 
deposition  near  the  immediate  vicinity  of  the  flood  control 
intake  tower  was  of  paramount  concern  in  design  of  an  intake 
tower  to  provide  necessary  flood  control  and  drawdown  hydraulic 
capacity  in  vicv/  of  the  large  sediment  loads  expected.  The 
project  is  operated  essentially  as  a  run-of-the  river  reservoir 
except  during  flood  events  when  water  is  stored  for  flood  control 
at  PuyalJup  and  then  released  relatively  quickly  foll.owing  the 
inflow  event.  Such  an  operation  is  conducive  to  minimizing  long¬ 
term  sediment  deposition  in  the  reservoir,  therefore  the  dam- 
safety  sedimentation  investigation  v/as  limited  to  short-term 
flood  events.  In  addition,  the  design  criteria  was  limited  to 
water-flood  events  only,  i.e.,  mudllow-type  conditions  which 
could  exist  w.'ith  volcanic  eruption  of  Mount  Rainier  were 
considered  too  remote  and  beyond  the  capability  of  effective 
defensive  design. 


Dcterminat j on  of  Sediment  Load.  The  only  sediment  inflow 
dat  a  available  consi.stGd  of  two  partial  years  of  suspended 
e-odiment  measurements  made  by  the  limited  States  Geological  survey 
(U5GS)  in  197b  and  1976.  The  maximum  river  discharge  at  which 
these  measurements  were  made  was  approximately  lb, 000  cfs.  River 
discharges  up  to  about  2b0,00U  cfs  arc  ass^joiated  with  the 
spillway  design  flood  at  Mud  Mountain. 

Extrapolation  of  the  USGS  measured  sediment  concentrations 
to  the  larger  flood  discharges  considered  in  design  modifications 
to  the  cutlet  worl's  resulted  in  projected  sediment  concentrations 
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as  high  as  approximately  650,000  milligrams  per  liter  (mg/1). 
Concentrations  of  this  magnitude  would  exceed  those  projected  for 
the  North  Fork  Toutle  River  based  on  measurements  taken  in  1984 
(3  years  after  the  basin-devastating  eruption  of  Mount  St. 

Helens) .  Such  concentrations  are  representative  of 
hyperconcentrated  and  mud  flow  sediment  transport  regimes  no.; 
considered  reasonable  for  water-flood  events  on  the  White  River. 

Investigations  using  observed  sediment  concentrations  and 
yields  from  the  December  1964  floods  on  the  Mad  and  Eel  River 
basins  in  northwest  California  eventually  formed  the  basis  for 
developing  a  design  condition  sediment  load  vs  water  discharge 
relationship  for  the  Mud  Mountain  outlet  works  design.  These 
basins  are  morphologically  similar  to  the  White  River  basin. 
Sediment  sources  during  large  hydrological  events  on  the  White 
River  would  be  from  mass  wasting,  channel  bed,  bank,  and  overbank 
scour;  the  same  types  of  sediment-producing  processes  dominant  on 
the  Mad  River  in  the  1964  event.  The  unit  discharges  associated 
with  the  sediment  measurements  made  on  the  Mad  River  during  the 
1964  flood  were  2  to  3  times  higher  than  those  at  which  the  USGS 
had  collected  sediment  data  on  the  White  River.  Tlie  sediment 
inflow  rating  curve  ultimately  adopted  for  design  considerations 
was  a  curve  representing  a  best-fit  regression  of  the  measured 
White  River  data  extrapolated  to  a  discharge  of  23,600  cfs  at 
which  point  the  slope  of  the  curve  changes  to  follow  the  best-fit 
regression  for  the  1964  data  measured  on  the  Mad  River.  Using 
this  relationship,  the  maximum  sediment  concentration  at  the  peak 
discharge  of  the  Mud  Mountain  spillway  design  flood  is  predicted 
to  be  182,000  mg/1. 

Sediment  Distribution  in  Reservoir.  Estimating  the  depth  of 
sediment  deposit  ion  in  the  near  vicinity  of  the  flood  control 
intake  tower  was  necessary  in  order  to  size  the  intake  tower.  A 
relatively  simplistic  sediment  budget/reservoir  detention  period 
analysis  was  used  to  estimate  sediment  deposition  conditions  for 
which  the  intake  tower  geometry  and  configuration  was  designed  to 
accommodate.  Reservoir  trap  efficiency  was  based  upon  published 
data  from  the  Garrison  Reservoir  and  the  sediment  deposit  topset 
slope  was  assumed  to  be  50  percent  of  the  natural  stream  slope 
based  on  guidance  from  various  published  reports.  The  procedure 
used  reasonably  simulated  depositional  conditions  which  had  pre¬ 
viously  occurred  during  the  1977  flood  event  at  Mud  Mountain. 
Using  this  procedure,  sediment  deposition  depths  of  about  90  ft 
and  150  ft  v/erc  predicted  with  the  project  design  and  spillway 
design  flood,  respectively. 

In  order  to  address  reviev/er  concerns  regarding  the 
potential  lack  of  conservatism  associated  with  the  sediment 
budget  analysis,  an  liEC-6  (NETWORK  version)  sediment  tranr.port 
numerical  model  analysis  of  reservoir  sediment  transport  and 
deposition  was  accomplished.  Recognizing  that  HEC-6  is  best 
suited  to  evaluating  long  terra  bed  profile  response  to  liydrologic 
and  sediment  input  rather  than  single  event  simulation,  tfiis 
analysis  wa:  used  primarily  to  provide  a  "qualitative  check"  of 
the  results  of  t)ie  sediment  budget  analysis. 


Sediment  transport  predictions  for  the  White  River  are 
complicated  by  the  high  concentrations  of  suspended  sand  and 
silts,  and  the  large  sized  gravel  and  cobbles  in  the  channel  bed. 
The  transport  function  used  in  the  analysis  was  Madden's  1985 
modification  of  the  Laursen  function.  Steady-state  simulations 
at  river  discharges  less  than  about  50,000  cfs  indicated  that  the 
river's  transport  capacity  was  greater  than  the  previously 
discussed  sediment  inflow  curve.  This  resulted  in  HEC-6  model 
predictions  of  extensive  scour  in  the  upstream  reaches  of  the 
reservoir.  Review  of  reservoir  sedimentation  range  survey  data 
revealed  that  such  scour  conditions  w'ere  not  evident.  The 
scdimetit  load  curve  for  the  HEC-6  Simula ^-lons  was  therefore 
adjusted  so  that  sediment  inflow  approximated  upstream  river 
t?.-ensport  capacity  as  computed  by  HEC-6.  Once  adjusted,  the  HEC- 
6  model  close? y  simulated  the  approximately  40-50  ft  of 
deposition  which  occurred  at  the  intake  tower  during  the  1977 
flood  event. 

Desicn  Condition  Simulations.  The  adjusted  KEC-6  model  was 
run  for  two  large  flood  conditions,  i.e.,  the  project  design  and 
spillway  design  floods.  The  simulations  predicted  the  expected 
sedimentation  processes  of  deposition  at  the  head  of  the 
reservoir  during  the  rising  limb  of  the  inflow  hydrograph  when 
water  was  being  stored  behind  the  dam,  and  subsequent  resuspens¬ 
ion  and  deposition  of  sediment  further  downstream  in  the 
reservoir  during  the  pool  drawdown  after  the  flood  event.  The 
model  ultimately  predicted  deposition  depths  of  approximately  70 
and  90  ft  iicar  the  dam  embankment  v;ith  the  project  design  and 
spillway  design  floods,  respectively,  and  a  deposit  topset  slope 
of  about  0.006  (about  60  percent  of  the  natural  streambed  slope). 
The  results  of  the  HEC-6  simulations  were  considered  to  confirm 
the  reasonableness  of  the  previously  developed  intake  tov^er 
design  parameters. 

Modifications  to  Flood  Control  Outlet  Works 

Criteria .  Design  modifications  to  the  flood  control  outlet 
works  were  devc loped  based  on  the  following  hydraulic-related 
criteria : 


a.  The  modified  design  must  meet  the  originally 
authorized  project  design  flood  discharge  and  reservoir 
capability  and  mu.st  minimize,  to  the  extent  possible,  reservoir 
drawdown  time  with  the  probable  maximum  flood  event  when 
considering  sediment  and  debris  conditions. 

b.  .Eedimentation  conditions  would  be  based  upon  water- 
flood  events  only.  Mudflow-type  conditions  which  could  exist 
from  volcanic  eruption  of  Mount  Rainier  were  considered  too 
remote  and  beyond  the  capability  of  effective  defensive  design. 

c.  The  modified  design  must  provide  upstream  control 
for  the  23-foot  diameter  tunnel  and  include  provisions  for 
emergency  closure  for  both  tunnels. 
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Hydraulic  Design.  Numerous  concepts  were  investigated  to  develop 
the  most  cost-effective  structural  modification.  The  hydraulic 
design  constraints  included  (a)  sizing  of  the  intake  tower 
entrance  area  to  ensure  required  discharge  capacity  when 
considering  sediment  and  debris  deposition,  (b)  providing  an 
acceptable  tower  location  and  tunnel  alignment  and  transition  to 
acceptably  tie  into  the  existing  tunnels,  (c)  ensuring  that  flood 
control  capability  was  maintained  throughout  the  construction  and 
diversion  period,  (d)  consideration  of  the  high  velocities  (up  to 
120  fps  at  design  pool  elevation)  existing  in  the  23-foot  tunnel 
entrances  and  the  horizontal  curve  tieing  in  the  new  and  existing 
portions  of  the  23-foot  dia.neter  tunnel,  and  (e)  design  of  an 
acceptable  exit  structure  for  the  23-foot  diameter  tunnel. 

Intake  Tower.  A  single  intake  tower  servicing  the  entrances 
to  both  tunnels  was  considered  to  be  the  most  effective  design 
concept.  A  tower  extending  full  height  (approximately  360  ft)  to 
the  dam  crest  (elevation  1257  ft)  which  permitted  debris  removal 
equipment  access  to  the  trash  structure  under  all  reservoir 
conditions  v;as  initially  considered.  With  such  a  design,  intake 
tower  entrance  area  was  not  of  significant  concern.  However, 
structural  and  foundation  concerns  resulted  in  consideration  of  a 
shorter  tower  which  would  not  provide  accessibility  during  all 
reservoir  conditions.  Reservoir  routing  studies  which 
incorporated  the  estimated  intake  tower  blockage  conditions 
previously  discussed  v/ere  accomplished  to  develop  a  tower  desigri 
concept  which  would  (a)  provide  sufficient  capability  to 
essentially  meet  the  project  authorizing  parameters  for  the 
project  design  flood  condition  and  (b)  minimize  reservoir 
drawdown  time  following  spillway  design  flood  conditions  while 
considering  that  debris  removal  equipment  access  could  not  be 
provided  eit  all  reservoir  elevations.  A  further  constraint  was 
that  the  differential  pressure  across  the  intal.e  tower  trashrack 
members  could  not  exceed  50  ft  for  structural  reasons.  These 
studies  indicated  that  a  50-foot  diameter  tower  with  top 
elevation  HOC  feet  (approximately  the  20-yr  recurrence  interval 
regulated  reservoir  elevation) ,  the  outside  perimeter  of  which 
would  essentially  be  a  large  trash  s.:ructure,  was  required.  The 
primary  debris  removal  operations  for  the  normal  type  flood 
events  will  be  accomplished  from  a  deck  located  at  the  960  ft 
elevation.  However,  a  vehicle  bridge  has  also  been  incorporated 
into  the  design  to  provide  debris  removal  equipment  access  to  -t-he 
top  of  the  tower. 

Tunnel  Entrances.  The  hydraulic  design  of  the  9-foot  tunne] 
entrance  and  m.od if i cations  was  relatively  uncomplicated.  The 
entrance  size  and  control  gate  geometry  is  identical  to  that 
which  has  performed  successfully  over  the  past  40  years.  The  23- 
foot  tunnel  modifications;  however,  are  hydraulically  complex. 
Dual  entrances  are  provided  to  permit  flexibility  in  operation 
and  maintenance  of  the  tunnel  and  to  provide  discharge  capability 
in  the  remote  event  that  one  control  gate  is  disabled.  Although 
the  design  discharge  of  the  23-foot  tunnel  is  13,000  cfs,  each 
entrance  was  sized  to  ensure  that  at  leasi.  7  5  percent  of  the 
required  total  flood  control  discharge  of  17,600  cfs  could  be 


provided  if  any  of  the  entrances  to  either  the  9-  or  23-foot 
tunnel  were  inoperable.  Two  7-foot-wide  by  11.5-foot-high 
entrances  provide  this  capability.  The  entrance  invert 
elevations  of  910  and  925  feet,  which  are  lower  than  the  existing 
entrance  elevation  of  970  feet,  were  selected  to  assist  in 
minimizing  operational  constraints  which  presently  create  adverse 
environmental  conditions  relating  to  passage  of  sediments 
downstream  during  periods  of  fish  spawning.  The  invert 
elevations;  however,  could  not  be  set  so  low  as  to  permit  large 
volumes  of  hea\'y  sediments  to  be  passed  through  the  23-foot 
tunnel  at  the  high  velocities  which  will  exist.  The  entrance 
geometry  was  designed  based  upon  simple  elliptical  curves  similar 
to  the  short-skewed  design  that  has  proved  satisfactory  at  the 
Corps  of  Engineer's  Dworshak  Dam  in  the  state  of  Idaho.  Sizing 
of  the  air  vents  to  the  gate  area  was  based  upon  prototype  air 
demand  test  results  from  the  Seattle  District's  Libby  Dam. 


Tunnel .  The  horizontal  curve  initially  designed  to  connect 
the  nev;  and  existing  portions  of  the  tunnel  was  a  simple,  500- 
foot  radius  curve.  The  physical  model  operation  indicated  that 
acceptable  hydraulic  performance  would  exist  even  with  a  shorter 
250-ft  radius  curve.  The  shorter  radius  curve  results  in  a 
significant  savings  :  -i  construction  costs  and  time. 


Exit  Structure.  The  tunnel  exit  structure  is  designed  as  a 
curved,  direcLioiial  flip  bucket  to  direct  the  high  velocity  exit 
jet  av/ay  from  impingement  on  the  rock  face  of  the  channel  wall 
immediately  across  from  the  exit  portal  and  into  the  confines  of 
the  downstream  tunnel.  This  design  is  necessary  to  minimize 
mortality  to  downstream  migrating  fish  which  will  be  passed 
through  the  23-foot  tunnel.  The  entire  exit  transition  is 
located  in  the  downstream  50  feet  of  the  existing  valve  concrete 
plug  area  which  requires  removal  in  conjunction  with  the  valve 
removal  work.  Therefore,  additional  tunnelling  to  accommodate 
the  exit  curvature  will  not  be  required. 
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Abstract 

Flooding  Resulting  frora  Typhoon  Urlng  in  Ormoc  City, 

Leyte  Province,  The  Philippines 

by  Monte  L.  Pearson,  USAE  Waterways  Experiment  Station 
and  John  G.  Oliver,  North  Pacific  Division,  Corps  of  Engineers 


Typhoon  Uring  passed  over  the  Island  of  Leyte  on  5  November  1991  on  an 
east  to  west  crack  north  of  Tacloban  City  and  Ormoc  City.  The  center  of  the 
typhoon  was  at  the  midpoint  of  the  Island  about  10:00  a.m.  and  took  3  to 
4  hours  to  pass  across  the  Island  width.  Widespread  damage  from  flooding  was 
left  in  its  wake.  The  Coastal  Plain  from  Ormoc  City  at  the  north  to  Baybay  at 
Che  south  situated  at  the  western  side  of  the  Island  received  major  damages. 
The  Ormoc  watershed  and  Ormoc  City  were  the  hardest  hit  areas. 

The  storm  speed  and  the  accompanying  intense  rainfall  were  the  main 
causes  cf  the  damages.  Because  of  the  storm's  speed  on  the  eastern  slope  of 
the  mountain  range,  low  elevation  runoff  passed  through  the  Coastal  Plain 
before  higher  elevation  runoff  was  routed  to  the  coastline.  Conversely,  on 
the  westslde  the  higher  elevation  runoff  arrived  at  the  coast  about  the  same 
time  that  lower  elevation  runoff  was  most  intense. 

Rainfall  intensities  were  extremely  high  with  140.2  mm  recorded  at 
Tacloban  City  in  3  hours,  580.5  mm  and  3j0.0  nun  recorded  in  36  hours  at  PNOC 
Raingage  1  and  2.  Tlie  major  portion  of  the  rain  at  PNOC  is  reported  to  have 
occurred  in  3  hours.  Extremely  intense  rainfall  was  also  reported  to  have 
occurred  at  Ormoc  City  in  a  3 -hour  period. 

Soils  in  the  region  were  totally  saturated  a  short  time  after  inception 
of  intense  precipitation.  Soil  strengths  were  decreased  and  significant  sur¬ 
face  failure  occurred  to  a  depth  of  about  1  to  "  m  in  the  upper  basin.  Scream 
bank  and  bed  erosion  was  also  intense.  Bulking  of  flows  by  sediments  contrib¬ 
uted  to  the  magnitude  of  the  flood.  It  is  also  likely  that  the  upper  river 
basins  both  cast  and  west  experienced  debris  flows  that  at  lower  elevation 
dropped  to  intense  sediment  transport  leaving  the  larger  boulders  but  continu¬ 
ing  to  carry  woody  debris  and  up  to  gravel  size  material  that  was  capable  of 
damming  bridge  sections . 

Streams  in  the  region  are  well  Incised,  and  side  slopes  have  limited 
stability.  Evidence  of  high  sediment  transport  prevail  throughout  the  sys¬ 
tems.  Stream  lower  reaches  are  braided  at  lew  flow  and  have  numerous  chan¬ 
nels.  Stream  bed  slopes  are  high,  estimated  to  exceed  1  percent  within  200  m 
of  their  mouths  and  average  5  to  7  percent  throughout  their  lengths  on  the 
western  slopes.  Under  those  circumstances,  stream  orientation  under  various 
flows  is  difficult  to  predict.  Deep  erosion  around  hardened  surfaces,  bank 
protection,  bridge  piers,  abutments,  and  contractions  are  normal.  Large  fluc¬ 
tuations  in  river  bed  elevations  arc  common  as  sediment  pulses  pass  through 
reaches . 

The  intense  flood  at  Ormoc  City  which  lies  just  below  the  confluence  of 
the  Antilao  River  and  Malbasag  River  was  caused  by  extremely  intense  rainfall 
and  upper  basin  soil  instability.  The  major  loss  of  life  at  Ormoc  City 
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occurred  Just  upstream  of  the  main  City,  in  the  Isla  Verde  area.  Flood  plain 
zoning  may  have  assisted  In  reducing  the  losses  experienced. 

Factors  that  could  reduce  future  localized  flooding  and  infrastructure 
damage  are  Improved  approach  alignments  of  the  streams  with  bridges,  reduction 
of  stream  contraction,  and  raising  of  bridge  decks  to  prevent  damming  of 
bridge  section  with  debris.  Based  on  the  5  November  1991  flood  event  and  a 
future  risk  analysis,  bridge  redesign  criteria  development  throughout  the 
system  should  give  consideration  to  river  alignment,  existing  river  widths  and 
the  latent  instabilities  associated  with  high  velocity  major  sediment  and 
debris  transporting  systems. 

The  following  is  a  list  if  recommendations. 

1.  Provide  zoning  to  prevent  habitation  In  high  risk  areas. 

2.  Provide  flood  warning  systems  where  practicable. 

3.  Establish  the  frequency  and  size  of  the  event  so  both  risk 
and  the  economic  impact  of  remedial  measures  can  be 
analyzed . 

4.  Improve  design  criteria  for  infrastructure. 

5.  Stabilize  slide  surfaces  to  minimize  sediment  mobilization 
during  minor  events. 

6.  Provide  stream  Improvement  and  diversions. 
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Backaround 


The  Philippines  is  an  archipelago  of  7,107  Islands  and  stretches  from 
the  south  of  China  to  the  northern  tip  of  Borneo.  Total  population  is  about 
60  million.  Leyte  is  one  of  the  major  islands  and  lies  at  about  11“  15'  N 
latitude  (Map  1) . 

Leyte  Province  is  located  on  the  Island  of  Leyte  in  the  Republic  of  the 
Philippines.  The  Island  is  350+  km  south  southeast  of  the  capitol  city  of 
Manila.  Typhoon  Uring  moved  onto  the  island  early  Tuesday  morning  on  5  Novem¬ 
ber.  Although  storm  winds  were  relatively  weak,  packing  sustained  winds  of 
only  55  kph,  it  unleashed  heavy  rains  over  Leyte  beginning  on  4  November  on  a 
Monday  night.  The  rains  became  extremely  intense  Tuesday  morning  Landslides 
in  the  mountains  were  triggered  and  vast  parts  of  lower  elevation  areas  of 
western  slopes  were  flooded  by  mud  and  water  by  noon  Tuesday, 

The  flooding  is  considered  to  be  the  worst  to  have  occurred  in  the  Phil¬ 
ippines  in  7  years.  Up  to  3  m  of  soil  laden  floodwater  submerged  Ormoc  City 
and  outlying  towns.  Coastal  area  residents  were  caught  without  warning.  Hie 
death  toll  was  extensive  with  most  being  drowned  or  buried  in  mud  as  their 
houses  were  swept  away.  The  city  ot  Ormoc  with  a  population  of  150,000  was 
hardest  hit  with  approximately  4,800  dead  and  1,857  missing. 

Bridges  along  the  western  coastline  received  severe  damage.  In  total, 

16  bridges  were  damaged  or  destroyed.  Most  of  this  occurred  between  the  cit¬ 
ies  of  Ormoc  and  Baybay.  Early  estimates  of  property  damage  have  been  P  395M. 
Agricultural  crops,  poultry,  and  livestock  accounted  for  P  35M,  infrastruc¬ 
ture,  P  130M  and  private  properties,  and  public  facilities  accounting  for  the 
remaining  P  230M.  Power  failure  was  widespread  as  power  poles  were  destroyed. 

Mission 

On  12  November  1991,  Headquarters,  US  Army  Corps  of  Engineers  was  con- 
t.acted  by  the  Departme  of  State  regarding  Corps  assistance  on  determining 
the  cause  of  the  flooding  and  po.sslble  mitigation  measures.  Two  engineers 


14-3 


with  extensive  experience  in  river  morphology  were  dispatched  to  the  Philip¬ 
pines  on  4  December  1991.  The  team  was  comprised  of  Mr.  John  G.  Oliver, 

Chief,  the  Hydraulics  and  Civil  Design  Branch,  North  Pacific  Division,  and 
Dr.  Monte  L.  Pearson,  Senior  Research  Scientist,  Geotechnical  Laboratory, 

US  Army  Engineer  Waterways  Experiment  Statio’'. 

The  team  spent  5  December  through  13  December  1991  in  the  country. 
Meetings  were  held  with  the  US  Agency  for  International  Development,  and  pri¬ 
marily  with  the  Philippine  Government  Department  of  Public  Works  and  Highways , 
The  basic  requesting  letter,  complete  listing  of  contacts,  and  basic  trip 
itinerary  are  included  in  Appendix  A. 

Geologic  Setting 

The  Island  of  Leyte  w.  :  formed  by  volca  c  action  consisting  of  strata 
volcanoes,  dome  complexes,  pyroclastic/tephra  cones  calderas  and  compound 
volcanoes  (Philvocs  Annual  Report  1988) .  The  volcanic  core  complex  is  concen¬ 
trated  on  tie  north  central  portion  of  the  island.  The  central  areas  are 
classified  as  "volcanic  terrain." 

The  Philippine  Fault  System  is  the  major  tectonic  feature  of.  the  region. 
The  system  trends  NW-SE  through  Leyte  with  all  of  the  volcanic  cones  resting 
on  the  eastern  block  of  the  Philippine  Fault.  The  intense  tectonic  activity 
has  highly  sheared  and  fractured  all  geologic  formations  on  Leyte. 

The  basement  geology  of  Leyte  is  pretertiary  igneous  and  metamorphlc 
rocks  traversing  the  length  (North-South  Axis)  of  Leyte.  Fluvial  marine  and 
terrace  gravel  deposits  of  early  Neogne-Latte  Preleogene  overlay  the  basement 
complex.  Pleo-Pieistocene  volcanic  formation  of  andesitic  composition  is  the 
youngest  exposed  formation  within  the  area.  The  flanks  of  the  volcanic  com^- 
plcx  are  blanketed  by  pyroclastic  materials  mainly  of  Lahar  origin.  The  Lalar 
deposits  in  the  watershed  area  are  typical  poorly  sorted  (boulder-pebble- 
gravel  sized  andesitic  clust.s)  and  matrix  (sand  size).  The  lowlands  are  fluv¬ 
ial  sediments  of  unconsolidated  matrix  gravel  type. 

The  soils  in  the  Ormoc  watershed  have  been  classified  by  the  PhilJ.pplnj 
Bureau  of  Soils  as  "upland  soils."  Tliey  are  characterized  by  undefined  soil 
horizon  with  great  erosion  potential.  Soils  are  formed  originally  from  decom¬ 
posed  andesitic  rocks.  These  are  granular  and  noncohesivc,  unstable  and 
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highly  susceptible  to  erosion  and  transport.  The  upper  watershed  has  steep 
slopes,  and  a  high  rate  of  soil  formation  due  to  rapid  decay  of  andesitic  rock 
materials  and  climatic  factors.  In  order  to  maintain  slope  equilibrium  an 
equal  volume  of  soil  mass  removal  and  reformation  occur  (regolich) .  The 
numerous  fresh  slide  in  Bao,  Malitbog,  and  the  other  drainage  Included  in  the 
Ormoc  watershed  support  this  data.  High  rainfall  rate.s  serve  as  a  catalyst 
which  triggers  the  majority  of  the  shallow  mass  movemcntr .  The  Department  of 
Science  and  Technology  (Department  of  Science  and  Technology  1991)  also  sup¬ 
ports  this  finding,  and  it  states  that  the  average  soil  profile  is  7  m  thick. 

Drainage  System 

The  Regional  Disaster  Coordinating  Council  of  Region  8  (Regional  Disas¬ 
ter  Coordinating  Council  1991)  provides  a  complete  description  of  the  Ormoc 
watershed.  Ormoc  watershed  is  composed  of  three  major  subdrainage  basins. 

This  report  x^ill  only  describe  the  northwestern  two  drainage.  They  are  the 
two  major  systems  directly  associated  with  the  5  November  1991  flooding  of 
Ormoc  City. 

The  Antllao  and  Malbasag  Rivers  are  the  two  major  drainage  systems  that 
directly  impacted  Ormoc  City.  These  two  rivers  converge  upstream  of  Ormoc 
City  and  the  Isla  Verde  Area  (Map  2). 

The  Antilao  River  drains  the  northernmost  portion  of  the.  watershed  and 
is  composed  of  three  subbasins  (Map  3).  Tne  middle  portion  of  the  watershed 
is  drained  by  the  Malbasag  R.iver  and  only  has  one  subbasin.  The  Malbasag 
River  is  the  smallest  of  the  two  in  area  and  channel  length,  10.8  km  compare 
to  16.3  km  for  the  Antilao  drainage  (Figures  1  and  2).  The  total  drainage 
length  of  the  two  systems  is  approximately  27.0  km. 

Drainage  in  the  Ormoc  watershed  is  dendritic  in  pattern  and  well 
incised.  Upper  channel  incisions  are  characterized  by  a  1/3 -width/depth  ratio 
based  on  a  ridge/stream  mea.'-uring  system.  Progressing  downstream  the  width/ 
depth  ratio  just  upstream  of  Ormoc  City  is  about  3  to  1 . 

Tlie  Antilao  River  has  a  vertical  drop  of  84.5  m  in  13.2  km  on  the 
mainstera  for  an  average  of  6. A  percent  slope,  whereas,  the  Malbasag  River  has 
a  slope  of  6.2  percent.  The  average  tall  of  both  streams  is  64,8  m/kra.  All 
the  streams  in  the  Ormoc  watershed  flow  southwest  and  converge  above  or  nedr 
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Ormoc  City  (Map  2).  The  confluence  of  the  two  rivers  is  2.5  km  from  the  Camo- 
tes  Sea.  Ine  junction  is  about  5  m  above  average  sea  level  (ASL) .  The  mains - 
Lem  is  13  to  15  km  in  length  and  drains  approximately  190  km^. 

Data  gathered  during  field  reconnaissance  indicate  that  mass  movements 
were  shallow  failures  ranging  from  1  to  3  m  in  depth  (Photos  1  and  2)  and  50 
to  100  wide  at  head  failure  zone.  Movement  generally  occurred  from  ridge  line 
to  the  channel  bottom.  The  soil  mass  in  the  upper  watershed  has  been  classi¬ 
fied  as  cohesionless  media  which  failed  at  a  ratio  of  length/depth  to  shear 
plane  of  10  to  100.  Photos  1  and  2  provide  positive  illustration  of  this 
relation. 

In  a  dry  state  these  cohesionless  soils  rely  upon  interparticle  fric¬ 
tional  strength  for  stability.  Upon  wetting,  the  interparticle  frictional 
strength  is  reduced,  and  as  total  saturation  occurs,  the  strength  factor  is 
reduced  to  0  at  which  time  failure  occar.s.  Further,  the  highly  weathered  and 
relatively  thick  soil  masses  have  developed  internal  shear  planes.  Subjected 
to  intense  rainfall ,  the  shear  planes  become  failure,  planes .  The  short  and 
high  intensity  rainfall  in  these  circumstances  created  mass  movement  features 
that  were  long  and  shallow.  Combining  all  the  data,  surface  soil  mass  with 
internal  shear  planes,  stream  side  slopes  exceeding  60  percent,  and  cohesion- 
less  soil,  it  is  apparent  that  during  wet  conditions  the  slopes  in  the  upper 
2/3  of  the  Oxthoc  watershed  are  highly  unstable. 

Channel  Momhology 

For  descriptive  purposes  the  Ormoc  drainage  basin  has  been  divided  into 
three  basic  valleyway-channel  geometries  (upper,  middle,  and  lower)  that  are 
directly  reict  ’v.1  to  the  geomorphology  of  the  region  (both  slope  and  chai'nel 
processes)  . 

The  upper  basin  area  represents  the  areas  of  highest  topographic  relief 
drainage  and  are  the  headwaters  for  the  basins.  Down-drainage  out  of  channel 
topography  has  slopes  up  to  30  percent.  Side  slope  in  the  valleyway  chfinnels 
are  up  to  60  percent.  According  to  Land  Resource  F.valuation  Report  (lEFR) 
Leyte  Province  (Bureau  of  Soils  and  Water  Management  1986),  this  area  consci- 
tutes  20  percent  of  the  watershed,  area.  Channelways  are  deeply  incised  with 
near  vertical  channel  walls  up  to  20  m  above  the  channel  bed  (Figures  2-3 
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and  9 "10) .  Large  historical  mass  movement  scars  are  visible  with  recent 
(5  Nov  91)  small  failure  scar  superimposed.  The  dates  of  historic  failt/rcs 
are  unknown,  but  dating  could  be  used  to  aid  in  establishing  flow  frequcncie.s . 

The  width/depth  ratio  normally  related  to  change  geometry  has  been  modi¬ 
fied  to  represent  channelway  and  channel  area.  Tlie  channelway  is  the  deeply 
incised  area  with  the  active  channel  (braided)  i.n  the  basin  area.  Tlie  upper 
basin  area  width/depth  ratio  is  nearly  1  to  3.  Tliis  portion  of  the  watershed 
has  experienced  the  highest  percentage  of  mass  move.iient  events.  The  majority 
and  most  recent  are  shallow  failure  features  which  normally  ran  out  to  the 
channel  area  at  the  base  of  the  slope.  Material  delivered  by  this  proc'-.ss  is 
saturated.  Upon  delivery  to  the  stre.sm,  materials  are  immediately  entrained 
and  the  total  flow  is  bulked  by  the  added  sediment.  Flow  hulking  by  sediments 
was  a  significant  phenomena  during  the  5  November  1991  .storm  in  the  higher  and 
steep  channel  slope  areas.  The  sediment -laden  water  was  transported  down  the 
deep,  narrow  and  generally  straight  channel  system  to  the  Middle  Basin  Area 
(Photo  3) . 

The  Middle  Basin  Area  terrain  has  slopes  of  18  to  30  percent  and  repre¬ 
sent  about  18  percent  of  the  total  basin  (Bureau  of  Soils  and  Water  Manngenient 
1986).  The  width/depth  ratio  changes  to  approximately  2  to  3  and  the  chermel 
side  sieves  are  still  steep  at  60  percent  (Figures  4-5  and  11-12)  .  Again, 
shallow  mass  movement  features  are  prevalent  along  the  channel  valle}'wsy. 
Sediment  loading  and  bulking  processes  were  similar  to  that  in  the  upper  basin 
area.  With  the  increase  in  discharge,  bed  degradation  and  bank  erosion  pjo- 
cesses  produced  additional  sediment  to  the  system.  Tlii.  channel  in  plan  view 
at  the  low  flow  is  more  meandering  and  braided.  At  higher  flow  this  mo''r)dcr- 
ing  and  braided  form  undoubtedly  disappears. 

Hie  lower  basin  area  (excluding  Ormoc  City  and  the  Delta  Area)  is  still 
well  incised  with  a  width/depth  ratio  of  about  3  to  2.  Meandering  and  channel 
braiding  arc  the  major  low  flo”  plan  form  features.  Down- drainage  slopes  are 
reduced  to  8  to  18  percent. 

Tlie  mainstream  of  the  Antiiao  and  Malbasag  Rivers,  as  stated  earlier, 
are  incised  and  highly  meandering  in  this  reach  (Figures  6-8  and  12-13).  The 
meanders  induce  a  high  degree  of  channel  sinuosity,  which  create  deposition 
zones  upstream  of  each  meander  bend  (Photo  3).  Momentum  loss  and  backwater 
effect  results  in  deposition  of  the  bouldcr/gravel  material  in  transport. 
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Loss  in  momentum,  pioduced  by  the  sharp  direction  change,  reduces  stream  pov/er 
which  reduces  transport  capacity.  Once  the  flow  has  exited,  the  meander 
stream  power  is  regrined,  and  bend,  bed,  and  bank  erosion/scour  occurs .  'Hiis 
sedimentation/erosion  process  repeats  itself  through  the  lower  reach.  With 
each  repetition  the  Djo  size  of  material  transported  is  reduced.  This  process 
explains  the  lack  of  a  large  volume,  of  boulder  to  gravel  size  sediments  within 
the  flood  effected  area  of  Omoc  City.  The  gravels  and  finer  fractions  did 
continue  dowi  the  system  and  deposited  in  the  city  and  Camotes  Sea.  Signifi¬ 
cant  amount  of  woody  debris  was  also  transported  and  may  have  formed  up  a.s 
part  of  a  debris  flow  at  the  front  of  the  flood  (Photo  4) . 

Ormoc  City  and  Delta  Area 

The  Ormoc  Ciry/Delta  Reach  can  be  considered  the  delta/beach  reach  of 
the  system.  Town  development  and  cultural  features  have  fixed  the  channel 
location.  The  junction  of  Antilao  and  Malbasag  P..ivers  Jvnt  up.stream  of  Ormoc 
City  creates  a  single  major  river  through  town.  Ihe  channel  width/depth  ratio 
through  town  appears  to  be  3  to  1;  however,  the  incision  and  width  are  not 
natural.  The  channel  geometry  has  been  adjusted  and  the  reach  is  smaller  than 
those  of  the  lower  basin  areas.  The  reduction  in  flow  area  and  adjustment  of 
slope  associated  with  the  delta  arc  contributing  factors  which  resulted  in 
massive  out- of -channel  flow  j.n  the  Ormoc  City  area.  Photos  5  and  6  show  that 
at  the  Antilao  Bridge  (km  lOlOH-968.2)  a  90'"'  direction  change  occurred.  The 
momentum  change  combined  with  t;he  contraction  should  have  had  the  severe 
effect  of  putting  initial  flow  ove.rbank  at  this  location.  Along  with  dcbri.s 
flow  and  woody  material  impacting  this  area,  the  bridge  was  eventuaj iy 
removed.  Flood  water  entered  the  Ormoc  City  .'.trset  system  to  a  dcpjth  of  3  to 
5  feet,  creating  significant  propert.y  damage.  ’Iho  recent  lobate  deposit  at 
the  mouth  of  the  system  suggests  that  the  coarse  fraction  of  sediment  contin¬ 
ued  to  tran,sport  in  the  channel  and  througli  the  town  to  Ormoc  Bay.  The  Ida 
Verde  area  upstream  of  the  A.ntilao  Bridge  wa.s  flooded  several  feet  above  over¬ 
bank,  and  residents  living  within  the  floodplain  were  decimated  (Photo  6). 

Ormoc  City  loS  located  at  the  lowest  elevation  on  the  coastal  delta  of 
the  Antilao  and  Malbasag  P.ivers .  Both  dra.inage  'oin  about  2 .  b  luu  f  rom  the 
coastline  and  1  kja  north  of  Ormoc  City  Proper.  At  the  confluence  point  the 


di;ainiige  ts  wide.  Significant  residential  development  within  riverbank  line.'^ 
and  on  benklines  between  Ormoc  and  the  confluence  point  had  cccurred  prior  to 
the  flood. 

Highway  No.  302  channelizes  the  dratrnge  system  to  the  northside  of  the 
hi^lway.  The  emplacement  of  Antilao  River  I'ridge  induces  a  90'  channel  bend. 
At  the  bridge  site  the  channel  changes  from  300±  m  wide  by  3  to  A  m  deep  to  30 
to  40  n  wide  and  10  m  deep.  The  change  continues  from  the  river  bridge 
through  Ormoc  City  to  the  bay.  The  constrictioi\  greatly  increases  the  flood 
potential  immediately  upstream  and  througn  the  City  (Photos  4,  5,  and  6, 

Map  2) . 

Upstream  of  the  Antilao  River  Bridge  in  the  Isla  Verde  area  (Map  2  and 
Photo  5)  is  a  zone  composed  of  a  colluvial  sediment  of  gravel  and  sand  size. 
Tho  material  Is  representative  of  the  deposition  area  of  steep  braided  gravel 
channel.^.  As  stated  earlier,  this  section  of  the  floodplain  was  densely 
inliabited.  Based  on  information  provided  by  the  Ormoc  City  Engineer,  there 
were  a  variety  of  dwelling  tj’pes ;  none  able  to  withstand  a  significant  flow 
event . 

A  third  drainage  system  (Biten  River)  flows  Just  to  the  east  and  south 
of  Ormoc  City  Proper.  The  extent  of  flooding  or  impact  on  the  Antilao  and 
Mtilbasag  Rivers  flooding  of  Ormoc  City  was  not  determined  but  could  have  been 
a  factor. 


lieteoroloF.lcal  Conditions 


Tropical  Storm  Uring  developed  on  2  November  1991  and  continued  until 
6  November  1991.  Uring  was  a  relatively  small  and  weak  storm  system.  Uring 
maintained  typhoon  status  for  less  than  24  hours  starting  about  1000  hours  on 
November  1991,  while  located  some  350  km  cast  of  the  region.  The  storm 
tracked  east  to  west  across  l..eyte  passing  north  of  the  Ormoc  City  Area.  After 
crossing  Leyte,  Uring  weakened  to  a  tropical  depression  and  on  6  November  1991 
at  10:00  am,  tropical  depression  Uring  dissipated  to  a  low  pressure  system 
(Map  4) . 

As  the  storm  system  advanced  on  Leyte,  intense  rainiall  started  about 
0730  hours  on  5  November  1991  at  Tacloban  City  (Map  4)  .  Rainfall  record'j  at 
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the  Taclcban  Airport  indicated  140.2  mm  of  rainfall  in  a  24-hour  period  with 
the  most  intense  occurring  in  only  3  hours,  0730  to  1030  hours. 

Intense  rainfall  began  about  0830  hours  at  the  PNOC  rain  gages  l-t-2 
(Map  3).  At  about  1130  hours  the  highest  rainfall  intensity  had  decreased  or 
stopped  according  to  PNOC  officials.  Uring  was  traveling  at  12  kph  as  it 
moved  across  the  Island.  Eased  on  travel  speed  and  distance,  intense  rainfall 
should  have  started  in  Oniioc  City  at  about  0930  hours  on  5  November  1991.  As 
per  conversations  with  city  officials,  intense  rainfall  did  occur  approxi¬ 
mately  0930  hours  on  5  November  1991.  Rainfall  intensity  and  winds  were  of  a 
high  magriltude;  areas  of  extensive  blowdown  occ  jrred.  Photo  7  shows  an  area 
of  blowdown  in  the  upper  drainage  section  of  the  watershed. 

Rainfall  records  (Table  1)  from  November  1976  to  1991  for  the  VISCA 
weather  station  located  8  km  north  of  Baybay,  Leyte  provides  a  general  indica¬ 
tion  of  rainfall  f^uantltles  for  the  coast  areas  period  of  record.  Baybay  is 
located  .30  km  south  from  Ormoc  City  and  some  850  m  lower  in  elevation  than  the 
upper  portions  of  the  Ormoc  watershed.  Based  on  meteorological  principles,  it 
is  possible  to  extrapolate  that  rainfall  amounts  in  the  upper  watershvod  tireas 
could  coiomonly  be  one  or  two  orders  higher  in  magnitude.  The  VISCA  station 
reported  238.4  mir  in  24  hourc  compared  to  PNOC  Rain  gage  No.  2  of  580.3  mm 
(the  PNOC  ilostel  and  neorert  to  Ormoc  water.shed.  Map  3).  This  rain  gage  is 
located  at  an  elevation  of  435  m  above  sea  level  which  is  only  2/3  up  the 
.orainago  bao.in  in  lelatlvc  elevation. 

Tlie  Flood 

At  Oj.moc  City  the  flood  waters  flowed  cut  of  the  lover  basin  into  the 
Isle  Verde  area  entra.iiilng  buildivigs  and  most  other  items  in  its  path.  It  i.s 
probable  that  a  front,  wall  oi  woody  uiutcrlal  and  debrt.s  reached  the  bridge  and 
re.sti  icted  flow  through  the  Unaoc  City  channel.  Tlie  bridge  restricted  channel 
width  end  90”  bend  created  some  backwater  effect  almost  inst  antamously . 
Chatinel  width  at  the  available  slope  was  inadequate  to  contain  the  flow  within 
bavtks .  The  stage  hydrograph  of  tin.  cvei\t  us  described  by  local  residents  and 
partially  recorded  on  video  tape  Is  as  shown  in  Pfgure  14.  The  water  .-.-iuri  ace 
rose  by  .>  feet  in  1.5  m'nutr.s,  and  an  hour  utter  flow  peaked,  the  hydrogruph 
was  falling.  The  total,  flood  lasted  less  than  4  hours.  flow  in  the  st.reet.s 
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of  Ormoc  City  as  recorded  on  video  tape  had  a  depth  of  3  to  5  feet.  Average 
sediment  depth  was  described  as  2  feet  deep  after  the  flood  waters  had 
receded.  Sediments  in  the  streets  were  fine  grained  and  characteristic  of 
suspended  load.  Materials  offshore  of  the  river  mouth  appeared  to  have  a  much 
greater  fraction  of  coarse  material,  and  it  is  believed  that  most  of  coarse 
material  passed  through  the  river  channel  as  near  bed  suspended  load.  Sedi¬ 
ment  transport  and  flow  should  then  be  governed  by  principles  used  for 
Hewtonian  fluid. 

The  Special  Task  Group  Regional  Disaster  Coordinating  Council,  Region  8, 
used  the  rainfall  record  of  580  mm  at  Tongonan,  PNCC  Rain  gage  No.  2  which  is 
iiearer  and  more  proximate  to  the  Ormoc  Watershed  and  assumed  that  80  ram  of  the 
precipitation  occurred  between  10  p.m.  on  4  November  to  8  a.m.  on  5  November 
1991.  Based  on  that  assumption,  500  mm  was  the  rainfall  from  8  a.m.  to 
11  a.m.  on  5  November  1991.  The  total  volume  of  water  that  flooded  Ormoc  City 
was : 


watershed  area  x  rainfall 
4,500  hectares  x  500  mm  or 
45 , 000  sq  m  x  0.5m 
Q  -  22,500,000  cu  m  of  water 

We  estimate  that  about  an  equal  amount  of  sediment  was  transported. 
Ass\iming  a  35  percent  porosity  in  sediments,  the  total  volume  of  fluid  was 
about  37,000,000  cu  m.  To  estimate  the  peak  flow  rate  and  to  get  further 
insight  into  flood  potential  at  Ormoc  City,  r  preliminary  routing  was  done  on 
the  flood.  The  basin  was  broken  into  G  areas  with  500  mm  oi  rainfall  intro¬ 
duced  into  areas  3,  4,  and  5  uniformly  between  0800  and  1100  hours  on  5  Novem¬ 
ber  and  in  areas  1,  2,  and  6  between  0900  and  1200  hours  (Map  5).  Sediments 
were  introduced  in  run  No,  1  Figure  15u  at  0800  hour.s  and  in  run  No.  2  Fig¬ 
ure  Ibh  at  0820  l.ours .  Sediment  was  only  Introduced  in  areas  3,  and  5, 
Sediment;  introduction  was  in  proportion  to  raintall.  The  flood  peak  at  Ormoc 
City  was  at  1050  hour.s  for  run  No.  1  and  at  1120  hour.s  with  a  10 -minute  shift 
in  initial  sediment  input  on  run  No.  2.  Peak  flows  were  between  70,000  cubic 
icet  per  second  and  80,000  cubic  feet  per  second,  channel  capacity  through  the 
City  is  estimated  to  be  much  less  than  30,000  cubic  feet  per  second.  The 


receding  side  of  the  hydrograph  on  both  runs  is  extremely  sharp  which  is  the 
result  of  the  assumptions  on  where  sediment  was  J.ntroduced  and  upon  rainfall 
intensities . 

An  inspection  of  the  routings  indicates  that  the  slope  of  the  rising  leg 
of  the  routed  hydrograph  is  too  flat,  and  it  is  likely  that  a  debris  flow  was 
at  the  front  of  the  actual  flood.  The  debris  flow  would  have  retc  ded  the 
arrival  time  of  the  peak  because  of  increased  viscosity  and  frlctiou.  It 
would  also  have  increased  the  peak  flow.  Tlie  receding  side  of  the  hydrogriphy 
is  too  steep,  based  on  the  local  description  of  the  stage  hydrcgraph.  Lower 
elevation  sediment  entraiiiment  was  significant,  and  was  not  introduced  into  the 
simulation,  and  some  ponding  occurred  in  the  Isla  Verde  area.  Therefore,  a 
gentler  slope  would  be  expected  if  more  realistic  assumptions  were  made. 

From  the  limited  analysis,  it  is  evident  that  the  sediment  event  accom¬ 
panying  the  rainfall  had  a  significant  influence.  Detailed  anal3'sis  of  the 
hydraulic  conditions  at  Onnoc  City  could  be  used  to  confirm  and  adjust  the 
routing  discharges.  The  more  critical  variables  could  then  be  reentered  into 
a  flood  touLing  pre  gram.  Variations  in  the  sediment  entre iriment  and  routing 
scenarios  could  then  be  used  to  establish  variance  in  risks  associated  with 
different  rainfall  events. 


Bridpe  PamaRC 

Bridge  damage  along  Highway  302  between  Onnoc.  City  and  Baybay  was  exten¬ 
sive  (Map  6).  Bridge  damages  at  Ormoc  City  and  in  other  drainage  are  the 
result  of  over  constriction  of  the  stream  at  bridge  crossings  and  poor  align 
ment.  Loss  of  bridge  approach  control  structures,  erosion  ai  ound  piers,  deck 
uplift  by  dcoris  and  loss  of  abutment  fill  by  piping  were  the  common  modes  ol 
failure  (Photo  8).  Mo.st  of  the  damaged  bridges  observed  had  constricted  tlie 
river  width  by  50  percent  or  more.  All  bridges  appeared  to  be  coiistructcd 
with  near  river  bed  spread  footings  at  piers  and  gravity  section  abutments. 
Approach  controls  were  grouted  riprap  with  little  if  any  roc  burial  and  did 
not  appear  to  always  reach  toj)  of  bank. 

llicre  were  numerous  cases  whore  the  baukllnes  had  eroded  behind  the 
bridge  abutments.  It  is  speculated  that  bridge  constriction  created  a  high 
differential  head  across  the  approach  fllJ .  Approach  fill  fines  were  piped 


out  and  a  channel  developed.  Increasing  the  bridge  length  would  help 
alleviate  the  problem  under  similar  flood  circumstances. 

Other  bridges  failed  because  of  river  bed  erosion  below  pier  or  abutment 
toes.  Deeper  footings,  pile  supported  footings,  and  longer  bridge  sections  in 
those  cases  would  be  beneficial. 

River  flow  alignments  appeared  to  be  a  major  problem  at  bridge  cross¬ 
ings.  The  alignment  problems  were,  prior  to  the  flood,  partially  corrected  by 
grouted  revetments . 


Conclusions 


The  combination  of  topographic,  hydrologic  and  physiographic  features  on 
the  Island  of  Leyte  leads  to  rainfall,  sediment  loading,  runoff,  and  flood 
problems  somewhat  unique  to  steep,  short,  unstable  drainage  basins.  Westeim 
slope  drainage  basins  are  more  prone  to  intense  runoff  than  are  east  slope 
drainages  because  of  the  higher  average  stream  gradient.  Flood  frequency  and 
net  runoff  during  even  modest  severe  rainfall  events  are  dependent  upon  the 
cumulative  effects  of  ba.sln  geology,  topography,  hydrology,  and  the  geomorphic: 
and  antecedent  moisture  characteristics  of  the  drainage  basin  prior  to  the 
event.  Rainfall  events  of  similar  magnitude  may  result  In  very  different 
flooding  characteristics  depending  on  event  sequencing,  antecedent  moisture 
conditions  in  the  basin  and  residual  soil  strengths.  The  flood  of  5  November 
1991  app'-ars  to  be  a  product  of  event  sequencing,  rainfall  Litensity,  and  soli 
instabill.'.y .  in  the  24  hours  prior  to  the  event,  the  basin  had  been  subjected 
to  significant  precipitation.  Land.slidcs  triggered  mud  and  debris  flov;s  dur¬ 
ing  the  storm  event.  Moisture  conditlon.s  in  the  drainage  were  high  due  to 
previous  rains,  and  shortly  after  intense  rains  associated  with  typhoon  Uring 
began,  soils  were  totally  saturated,  llierefore,  flow  concentration  times  were 
short;  and  side  slopes  were  weakened  to  the  point  of  failure.  High  precipita¬ 
tion  bulking  and  perhaps  the  effect  of  the  more  viscose  mud  and  water  mix  on 
channel  roughness  culminated  in  flow  depths  greatly  exceeding  channel  capacity 
on  the  alluvial  fan.  The  peak  flow  from  the  event  was  on  the  order  of  two 
times  the  flow  that  would  have  been  expected  if  major  sediiaent  entrainment  lud 
not  occurred. 
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Rficominendatlons 


'riie  loss  of  life  at  Onnoc  is  considered  the  most  severe  impact  of  the 
flooding  on  Leyte.  A  significant  reduction  of  this  impact  can  be  obtained  by 
preventing  habitation  in  high  risk  areas.  The  delta  of  the  Antilao  and 
Malbasag  Rivers  immediately  upstream  of  Ormoc  City  Isla  Verde  Area  was  densely 
inhabited  prior  to  the  flood.  Most  of  the  deaths  were  among  the  residents  of 
that  particular  area.  It  is  now  being  resettled.  Immediate  action  on  zoning 
to  prevent  that  rehabitation  and  enforcement  of  the  zoning  can  go  a  long  way 
toward  mitigating  a  future  disaster. 

Another  method  of  reducing  loss  of  life  in  somewhat  lower  risk  areas 
than  the  delta  region  are  flood  warning  systems.  The  western  slope  of  Leyte 
where  Ormoc  is  located  is  probably  not  adaptable  to  this  because  rf  the  short, 
steep  drainage.  Eastern  slopes  are  however  well  situated  for  flood  warning 
systems . 

Flood  control  storage  systems  are  measures  used  elsewhere  to  control 
runoff  from  major  events,  and  have  been  mentioned  in  several  of  the  Philippine 
Government  agency  reports.  Onstream  storage  does  not  seem  practicable  at 
first  assessmeint.  The  high  sediment  yield,  steep  stream  gradients  and  incised 
nature  of  the  channels  normally  make  economic  development  of  onstream  storage 
difficult.  On  the  western  slopes,  offstream  storage  also  appears  to  be 
limited  by  topography.  The  eastern  side  may  however  benefit  by  offstream 
storage.  Rice  paddies  and  other  natural  impoundments  may  already  be  effective 
in  attenuating  major  floods. 

The  frequency  of  an  event  is  an  important  factor  in  determining  ri.sk  and 
economic  impact.  jiia.sed  on  the  memory  of  the  population,  the  most  recent  flood 
prior  to  5  November  1991  occurred  in  the  1930' s.  Rainfall  records  observed 
also  Indicate  that  the  intensity  of  the  5  November  1991  event  was  the  greatest 
in  the  19 -year  period  of  record.  The  frequency  and  the  magnitude  of  this  and 
other  eveiits  should  be  determined  if  economics  is  to  be  the  basis  for  costly 
changes  in  design  criteria  for  infrastructure  or  major  flood  control  works. 
Zoning  should  also  incorporate  some  logic  on  risk  and  risk  assc.ssment  which 
depends  on  flood  frequency  and  magnitude. 

Numerous  streams  flooded  during  the  Uring  Typhoon  cve4it.  Measurement  of 
high  ilow  marks,  estimates  of  sediment  yield  by  quantifying  slides  mass,  and 


hydraulic  analysts  to  establish  peak  flows  combined  with  flood  routings  can 
establish  the  magnitude  of  the  event.  Event  frequency  may  be  more  elusive  as 
it  is  believed  that  it  is  a  function  of  length  of  precipitation,  intensity  of 
precipitation  and  the  slope  stability  of  the  basin  at  the  time  of  the  event. 
Methods  that  are  used  include  population  interviews,  historic  landslide  analy¬ 
sis,  storm  frequencies  including  hlndcasts  and  historic  flow  measurements,  A 
combination  of  methods  will  probably  be  required  in  this  situation. 

Design  criteria  for  infrastructure  (i.e.  bridges,  revetments,  power 
poles,  and  other  items)  appear  to  be  based  upon  fairly  modest  climatic  condi¬ 
tions  and  upon  more  tranquil  drainage  systems.  A  review  of  bridge  design, 
river  mechanics  and  international  experience  may  indicate  that  a  change  in  the 
design  criteria  could  improve  the  life-cycle  costs  of  the  infrastructures. 

The  presently  active  slide  areas  will  continue  to  yield  sediments  to  the 
streams  at  a  fairly  high  rate  until  naturally  revegetated  or  otherwise  stabi¬ 
lized.  A  storm  of  lower  intensity  and  water  content  could  produce  a  higher 
flow  than  Typhoon  bring  under  these  circumstances  as  sediment  bulking  of  the 
flow  could  be  more  pronounced.  Steps  taken  to  revegetate  and  stabilize  the 
slides  would  reduce  the  period  of  risk. 

Stream  alignment  improvements  at  bridges,  hydraulic  improvements  through 
populated  areas,  or  diversions  around  populated  areas  are  possibilities  for 
minimizing  impacts.  Extensive  engineering  analysis  is  required  to  define  the 
benefits  of  such  options. 
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Figure  3.  Crnss  Secf:lon  2  Antilao  River 
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Figure  10.  Cross  Section  ?.  Malbasag  River 
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Figure  15b.  Flood  Routing  if2  for  Ormoc  Watershed 
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ANTiLAO  RIVER.  MALBASAG  RIVER 
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Orraoc  City  Area  Map,  Two  Rlvert; 
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Map  3  .  Omoc  Watershed 
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Coastal  Highway  Mo.  302 


Appendix  A: 


List,  of  CentaetP 


Vicente  Paregiif 

RoiJulio  Gt:;c 

Jcbn  Starn*-  !-: 

Ijol.i  Vergar:3 

AbnlaLtic  H.  Hoi'.ge ,  Ji 

Peclflco  i. .  Mendoza, 

Erlverio  V.  Lcreto 
Cr.rracnt  L.  Carl 
Rtber  Pcnscrgn 
Kaoion  Orcege. 

Leonardo  A.  Nunez 

Fori;unaro  Dejorat 
Roniul  o  L.  del  Rotario 

Vioentc  Yulo 

Mlnni  Dilgo 
Janj'Ri  ralln 


Regions?,.  Technical  Director,  Department  of 
Environnent  and  Natural  Resources 

Regional  Executive  Director,  Department  of 
Environment  and  Natural  Resources 

IJ.S.  AID  Office  of  Capital  Projects,  U,S.  State 
Department 

U.S.  AID  Office  of  Capital  Projects,  Vi.S.  State 
Department 

Assistant  Regional  Director  for  Services, 
Department  of  Public  Works  and  Highways 

Jr.  Regional  Director,  Departnent  of  Public  Works 

and  Highvay.s 

Congressman,  5th  District,  Levte 

(Mayor ,  .Baybay ,  I.ey te 

City  Engineer,  Ormoc,  Leyte 

District  Engineer,  Leyte  2,  Department  of  Public 
Works  and  Highways 

Direc.tor,  Bureau  of  Maintenance,  Department  of 
Public  Works  and  Highways 

Adisinistrator ,  Office  of  Civil  Defense 

Undersecretary,  Bureau  of  Maintenance, 

Departnient  of  Public  Works  and  Highways 

Tliird  Leyte  Engineering  District,  Assistant 
District  Engineer 

Plillippine  National  Oil  Company,  Asslste.nt 
.‘Service  Manager 

De.cther  Data 


IS -48 


ENGINEERING  OFFICER 

USAlb/Philippines 


Date; 

05  December  1991 

To; 

File 

Subject: 

ORMOC  DISASTER 
Corps  of  Engineers 

Revised  agenda  for  evaluation  team: 


05 

DSC 

91 

2250 

hrs 

Team  arrives  NAIA 

05 

DEC 

91 

2320 

hrs 

Teaun  departs  NAIA  for  ?iheraton 

OS 

DEC 

91 

2350 

hre 

Team  arrives  at  Shera.ton 

06 

DEC 

91 

0645 

hrs 

USAID  vehicle  picks  up  Team  at 
Sheraton  for  travel  to  RMC 

06 

DEC 

91 

0900 

hrs 

Team  arrives  at  RMC  and  meets  with 
USAID  technical  staff 

06 

DEC 

91 

1100 

hrs 

Team  meets  with  USAID  Director 

06 

DEC 

91 

1330 

hre 

Team  departs  RMC  for  DPWH 

06 

DEC 

91 

1400 

hrfl 

Team  meets  with  DPWH  Underaecretarj' 

06 

DEC 

91 

1530 

hre 

Team  departs  DPWH  for  Sheraton 

06 

DSC 

91 

1600 

hrs 

Team  arrives  at  Sheraton 

08 

DEC 

91 

1430 

hrs 

USAID  vehicle  picks  up  Tean’  at 
Sheraton  for  travel  to  Manila 

domestic  airport 

08 

DEC 

91 

1500 

hre 

Team  arrives  at  Manila  domestic 
airport 

03 

DEC 

91 

ifcOO 

hrs 

Team  departs  Manila  via  PAL 

08 

DEC 

91 

1705 

hrs 

Team  arrives  Tacloban 

09 

DEC 

91 

0830 

hrs 

Team  departs  Tacloban  for  Ormoc  via 
GOP  helicopter 

09 

DEC 

91 

1600 

hre 

Team  departs  Ormoc  for  Tacloban  via 
GOP  helicopter 

10 

DSC 

91 

0830 

hrs 

Team  departs  Tacloban  for  Ormoc  via 
GOP  helicopter 

10 

DEC 

91 

1500 

hrs 

Team  departs  Ormoc  for  Tacloban  via 
GO?  hel3-Copter 

10 

DEC 

91 

1805 

hrs 

Team  departs  Tsc].oban  via  PAL 

10 

DEC 

91 

1940 

hrs 

Team  arrives  Manila 

4.  J. 

DEC 

91 

Teoai  drafts  report  and  prepares  for 
exit  briefing 

12 

DEC 

91 

Tecim  drafts  report  and  prepares  for 
exit  briefing 

13 

DEC 

91 

0800 

hrs 

USAID  vehicle  picks  up  Team  at 
Sheraton  for  travel  to  RMC 

13 

DEC 

91 

0315 

hrs 

Team  arrives  o.t  RMC  and  meets  with 
Uii/ilD  technical  etfif f 

13 

DEC 

91 

0830 

hrs 

Teaai  gives  foJ.t  briefing  at  USAID 

13 

DEC 

91 

1030 

hrs 

Team  departs  RMC  fcr  DPWH 
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OPFfCFOFTHCBECflETARY  V|  I  zo  fa  d 

MAKIU  !  ’fip  •'/ 

USA;0/C&n 

Kovenbor  19,  1991 


HR.  MALCOLM  BUTLER 
Dlractor 

Unltod  StatoB  Ae<tnnv  for 
Inramatlf  nal  nAVAlor»i«nt. 
Kwiila.  PHTLirriNlSS 


ATTENTTOH: 


REFEHSKCC: 


MR.  LEROY  PURIFOY 
Chj.«f  Snginano.  OOP 

TTPHOOK  URIRG  DAMAOQS  KSnsSSttSSfi: 


SUBOrsCTr  REWasT  FOR  XIIS  BHOAOEHUNr  OF  A  SHOKX  TOW 
yib-AbT.'XR  F^/ALyATlOK  TiiAM  m  CJLaIP 


Kf.  .^‘xi-lor: 

Tho  l>&i/brCM<)»nv  ot  PMbllfs  Worke  and  io  undwi-tuking 

»n  iJivoatlgat.loR  to  dstertaine  tbei  cnuao  of  t.h'»  flooding 
whir-h  clf.vaytatfcd  Orwoo  and  tLo  nurroundlna  coaammities 
fe’tlc'winft  Typhoon  Urlng  in  aarly  Noycmhor  19S1.  W© 
therofoi-a  f.wsk  th®  fce.rtiataao®  of  USAID  in  provldina  e  t(  am 
of  avaluation  apccialiBl;*  froo  t.h©  US  Army  Corpo  of 

EnginRai*8  vho  will  >elp  t\i»  DoparUnont  in  the  avaluebion  of 
ths  danaagc!  and  in  prov.idixis  inedght  to  the  cauae  and 
P08»ible  mltljjttlon  in«a»uraB  for  the  ditaofor. 

W*  hopo  that  USAID  will  con»id<»r  thio  regurat  favorably  and 
assiftn  tho  epacialiat  toon  ae  soon  ao  pcsalblo,  DPUH  Id 
grateful  to  USAlU  for  their  oontiav  id  aaoiotance  and 
cooperation  in  our  efforta  to  rehabilita-**  dloaator  araaa  in 
the  Phlliyplnec.. 


vqgf, '*•  i 


isir-c.iA-aiy , 

*^r  t 


a'jZ:  t!!Su'J0I«3:T/ I75<CARNACIOil 


3i-3d  0dH33  <-- 


*ie6  tiS  t\iZ 


ai:;bi«oy  rtrst  ofTBstitATtotuM, 


fUmoD  &(ac‘aaYMr  Ccntiir 
1640  tloJCM  UMucntfli 
SfKitA  !&00,M«mk 
IMipjAiw 


Novftmber  20,  1991 


PM  Hou  6241 

Tt4.rto.:e:Q-?69j”ra& 


Me.  K&y  cionne 

OttLco  o£  rstv'gn  bl««L»t«c 

Xtsl«<:««itC«/A.8P  Siooia  1052 
AX&  W«i»hia9tOAf  &.C.  20S23 

R»y, 


Thank  you  for  )?rir«ar4in9  tha  acopa  o£  wock  proposod  hy  tha 
Rlvar  .-^rphologiat.  w«i  have  th«  follovlng  oomiuantoi 

1*  Tha  baaa  at  oparatlon  naada  to  t>a  Tftoloban  or  Orooc,  v^ry 
ada^utta  Aococunod&tions  ara  availabla.  Rtnil*  ia  <ae  too  fae 
away  froin  this  location  to  be  oi  uc«  aa  &  base.  Thia  would  be 
about  an  4  hour  a  day  ccaiiiat'^. 

2.  VC-  will  actittpt  to  gst  helicopter  £rc»  private  componie*  in 
the  atcf?  or  AfP.  A9ain,  its  too  far  fron  th«  Sublc  AeaerR/  the 
toajB  wa  uaV4  down  theca  now  just  notified  ttik  that  they  ore 
takinj  a  bu*  fcon  one  location  to  another.  Then  choppare  did 
ijot  eaterlalite  because  of  the  newest  storm  rayano,  which  makes 
it  inpoealblG  to  fly,  Baolcelly,  wt  ccuino.,  guarantee  thAh 
there  will  be  helicopter  aupport  the  whole  tl»e  but  wc  can 
gutrantoe  that  there  win  be  aoae  helicoptac  support,  aowtvor, 
a  great  deal  ot  this  ia  going  to  hove  bewn  done  over  muddy 
roods  And  none  to  eecuie  brldgee. 


3,  We  can  ftr:-*a,rige  for  full  meecing  with  ond  dobcleflng  by  the 
Pept,  of  Public  Works  «n;i  Kighwaye  (vrWBi  people  of  the  souncry 
and  r.eeting  with  tht  PAST  jseople  who  hsive  icodc  their  evelu«tion 
of  the  area  on  Hovember  15,  1991.  In  oddltion,  we  have 
excellent  contactw  with  the  shipping  lln«  people  and  tcor.spott 
pAfjple  who  handle  all  cf  the  freight  to  e-nd  from  Ormoc  fcom 
Cebu  City, 

4.  Th'S  per  diea  for  Oiw,oc  ifi  |45.00  a  day  (lodging  in  ^23,00  ( 
meals  are  ^22 .Of),  The  pec  diem  for  Tocloban  is  ^57.00  s  day 
(lodging  Is  4^9. ou  a  seals  ate  ^15.03). 


5.  We  will  aah.e  o  ‘rormal  regucot  for  the  eervi-ce  of  this 
man/ctn  ar  soon  a«  wo  get  a  formal  rugueBt  front  thA^ov.  Thio 
in  a  highly  eensltixe  isaue  and  w«  must  have  a  G©fpigency  ready 
to  handle  the  flack  that  surely  will  &vi85^f>aTO,>erty  report  tha', 
the  O&G  develops  no  matter  how  it  le 


.B  'd 


'I -3H  OdHSa  4 • - 


/  Bryant 

tihik  i 

Office  k/t  Food  For  Peace 

(•Koe  ZiC  Z^Z  5i  I  »  IBS 
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13  DEC  91  1100  hrs  Teani  arrives  at  DPWH  and  gives  exit 

briefing 

13  DEC  91  1230  hrs  Teaun  departs  DPVTll 

Bob  Vargara,  a  USAID  Foreign  Service  National  engineer 
assigned  to  the  region  which  includes  Ormoc,  and  John 
Starnes,  USTCCD  Engineering  Officer,  will  accompany  the  team 
to  Ormoc.  USAID/Manila  does  not  have  a  fund  cite  for  your 
local  transportation:  therefore,  be  prepared  to  pay 
approximately  $100  (F2683.50)  each  for  your  roundtrip  air 
fare.  (Kanila-Tacloban-Manila)  and  claim  reimbursement  for 
same  on  your  travel  voucher. 

Director  Leonardo  A.  Nunez  of  the  Burea,u  of  Maintenance  in 
the  DPVJH  appears  to  be  talcing  the  lead  on  the  GOP  side  and 
will  accompany  the  team  to  Ormoc.  Mr.  Fortunate  Dejoras 
(National  Disaster  Coordinating  Council)  will  also  accompany 
the  team. 


John  C.  Staxnes 

Office  of  Capital  Projects 
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Appendix  B :  Rainfall  Data  NPOC 


M  IN 


APPENDIX  B 


PHILIPPINE  NATIONAL  OIL  COMPANY  (PNOC)  RAIHGAGE  1  h  2  DATA.  LEYTE 

DftlLY  RAINFALL  DATA  (in  mm/day) 

For  the  month  of  November  1991 


—  SJDC  Campsite  C^baloasn 

-  TC7E  11 


RS/)/  jer  :  ilb 


Monthly  Rainfall  (In  ntm)  for  VISCA  Station  North  of  Bavbav  I^yte 
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lELLOK  CREEK  FXOOD  COHTROL  PROJECT 


by  Ronald  R.  Copeland,  Research  Hydraulic  Engineer,  US  Anay  Engineer 
Waterways  Experiment  Station,  VicJcataurg,  Missiaoippi,  and  John  D.  (David) 
Hendrix,  US  Army  Engineer  District,  Nashville,  Tannessec 


ABSTRACT 

Yellow  Creak  is  located  in  the  southeastern  Kentucky  coal  mining  region. 
Its  major  tributaries.  Stony  Pork  and  Bennetts  Fork,  are  steep  mountain 
streams  that  rise  in  the  Cumberland  Mountains  near  the  Kentucky- 
Tennessee-Virginia  tri-state  comer  and  converge  onto  a  bowl  shaped 
valley  which  contains  the  city  of  Middlesboro,  Kentucky'.  In  1939,  the 
U.S.  Army  Corps  of  Engineers  completad  construction  of  a  3.9-mila  channel 
to  divem  the  headwaters  of  Yellow  Creek  around  the  city.  Coal  strip 
mines  and  spoil  areas  in  the  rugged  hills  have  been  the  source  of  heavy 
sediment  loads  that  have  historically  deposited  in  the  flat  bottomcid, 
trapezoidal  bypass  channel.  Sediment  aggradation  has  been  so  great  that 
maintenance  dredging  has  been  conducted  at  least  four  times  in  the  past, 
the  most  recent  being  in  1978-79. 

A  one-dimensional  numerical  model  (TABS-1)  was  used  to  evaluate  dredging 
options  in  the  existing  diversion  channel  upstream  from  Middlesboro,  and 
to  evaluate  potential  aggradation  emd/or  degradation  in  a  proposed 
channel  iaqprovement  project  downstream  from  Middlesboro.  The  numerical 
model  was  adjusted  to  simulate  measured  aggrackition  in  the  upstream 
reaches  of  the  project;  and  to  simulate  stable  conditions  in  the  exist^g 
downstreasi  reaches  of  the  project.  Alternative  dredging  cross-aastion 
options  %raro  determined  usiuig  «  new  numerical  model  for  hydraulic  design 
called  SAM.  The  design  chapel  was  then  incorporated  into  the  TABS-1 
numerical  model  for  evaluation.  Maintenance  requirements  for  the 
diversion  chaimel  wexm  determined  axid  zones  of  aggradation  and 
degradation  in  the  iupra<red  channel  reaches  were  identified.  Proposed 
modificationn  to  the  improved  channel  design  were  tested  in  the  numerical 
moGiQl.  A  more  efficient  design  in  terms  of  sediment  transport  was 
lecommendad. 
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Purpose  and  Scope 

Extensive  coal  strip  mining  operations  have  been  conducted  in  the  uplands 
of  the  Yellow  Creek  watershed  since  the  early  ISTiO's.  Much  of  the  ninei 
and  spoil  area  hae  been  abandoned  and  not  reclaimed.  Materials  from 
these  eureas  provide  the  source  for  the  sediments  deposited  in  the  Yellcw 
Creek  Bypass  channel,  a  U.S.  Army  Corps  of  Engineers  local  flccd 
protection  project.  Removal  of  the  accumulated  sedl^nt  coucinues  to  be 
a  maintenancQ  problem.  Numerical  modeling  techniques  were  employed  in 
an  effort  to  reduce  annual  maintenance  coots  and  avoid  similar  problesia 
in  a  newly  proposed  project.  Specific  goals  of  the  modeling  effort,  were 
tot  (1)  develop  a  dredging  strategy  for  the  existing  Yell'jv  Creek 
Divarsioti  Channel;  and  (2)  evaluate  the  aggradatiot  and  dagredation 
potential  of  a  proposed  channel  enlargetnent  project,  for  lellov  Creek 
immediately  downstream  of  Middlesboro,  Kentucky. 
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Baain  Deacriptlon 


Yellov  Cr««k.  drains  approximately  6C  equoxe  miles  upstream  o£  the  USGS 
gage  near  the  southeastern  Kentucicy  city  of  MiddleBboro  (Figure  1).  The 
vatershed  consists  ot  steep  SMCuntains,  rolling  hillsides,  and  the  nearly 
flat  valley  floor  of  approximately  1C  mi  Slopes  in  the  watershed  vary 
from  over  50  percent  in  the  mountainous  area  to  less  than  0.2  percent  In 
the  valley.  Land  use  in  basic  is  characteri:£ed  by  strip  mining  and 
forested  areas  in  the  uplands  and  almost  complete  urbanization  in  the 
lowlands . 

The  major  tributaries  to  Yellow  CfaeJc  ai.e  Stony  Fork  (16  rl  and  Bannetta 
Fork  (13  mi^).  These  8tre{..ns  have  eirtalar  basin  and  channel 
characteristics.  Both  rise  in  heavily  strip  mined  regions  of  the 
mour.tains  and  descend  at  slopes  of  over  5  percent  toward  the  wide,  bowl> 
shaped  valley  in  which  the  city  of  MidUesboro  is  located.  Abrupt 
changes  in  the  streambed  slopes  occur  as  the  tributaries  discharge  in^ 
the  bypass  channel.  The  stream  channels  arc  nearly  rectangular  in  shape 
with  bed  material  ranging  from  gravels  to  boulders. 

The  Yellow  Creek  Bypass  Channel  diverts  flows  from  Bennetts  Fork,  Stony 
Fork,  and  other  tributaries  aroiind  the  city  of  Middlasboro.  Below  its 
confluence  with  the  bypass  channel.  Yellow  Creek  flows  through  a  narrcTW 
v&iley  confined  by  hills  that  rise  more  than  1000  feet  eiixivm  the  valley 
floor.  It  discharges  into  the  Cumberland  River  approximately  15  miles 
downstream. 

History  of  Flood  Control  Keasures 

Before  Hiddlesboro  was  established.  Stony  Fork  and  Bennetts  Pork  cambined 
to  form  Yellow  Creek.  As  development  began  in  1889,  the  vending  Teller*’ 
Creek  channel  was  dredged  and  straightened  through  the  city.  Following 
severe  flooding  in  1929,  the  U.S.  Amy  Corps  of  Engineers  designed  a 
canal  and  levee  system  to  divert  the  waters  of  Stony  Fork,  Bennetts  Fork, 
and  other  tributaries  around  the  city-  The  project  was  authorized  by  tius 
Flood  Control  Act  of  1936  and  construction  of  the  3.9-Kile  bypass  chiinnel 
was  completed  in  December  1939.  The  flat-bottomed,  trapezoidal  bypass 
channel  consists  of  three  cuts,  including  one  1600-foot  reach  lined  with 
concrete.  Cross  section  bottom  widths  range  from  80  feet  to  200  feet 
with  sidj  slopes  of  l-1.5BtlV. 

It  was  soon  realized  that  insufficient  channel  capacity  downstream  of  the 
confluence  of  Yellow  Cxeak  and  the  bypass  channel  was  causing  backwater 
flooding  in  the  lower  parts  of  the  city.  In  1952,  s  clearing  and 
snagging  project  was  conducted  to  restova  vegetation,  gravel  bare, 
bculdare,  and  other  debris  from  the  reerly  four-mile  reach  of  Tel.l.ow 
Creek  between  Middlesboro  and  US  Highway  25E.  Tliis  is  the  sans  reach  lor 
%/hich  a  channel  enlargesient  project  iv  rvxrently  proposed- 

In  the  early  1960 *s,  it  was  recognized  that  ssKiiiBant  aggredation  was 
occurring  in  th«  upstream  portion  of  the  bypass  channel.  The  integrity 
of  tlis  project  wae  threatened  after  heavy  d  ipoeitioa  daring  flocxis  in 
1963  and  1965.  A  serine  of  sediment  ranges  vus  established  to  zmxnitci' 
thb  condition  of  the  project.  Remedial  mnasureo  were  performed  when 
subsequent  sur-veys  indicated  that  the  bypass  channel  capacity  was  loss 


hui  xhm  projact  tiaaign  diechaxga  of  22,000  cf». 
orcadgiag  opwratioAB  i*  shown  in  Tahl«  1. 


A  s  uata&ry  o  f  tii^s 


TABLE  1.  Drsdging  History  for  Yeliov  CreeJc  Bypass. 


L'AXf 

BEACH 

(STREAM  MILS) 

VOLUMS  1 

REMOVEil  1 
( CU  IPS )  1 

^7177?; 

1967-1968 

Concreta  linsr  to  Wlcchesater  xv»  <1.68-3.91) 

292,000 

1973-1S74 

1000  £*«t  downstream  of  35th  et.  to  Winchester 
Ave  (2.59-3.91) 

76,500 

1977-1978 

Concrete  liner  to  3Sth  8t  (1.68-2.78) 

84, COO 

1978-1979 

33tb  St  to  Winchester  Avs  (3.7B-3.91) 

53,00C-  1 

TOTAL 

507,500  8 

Foliowing  ths  davastnting  flocxi  of  iftpril  3~?',  1S77,  th«  Corpa  of 
Enginaars  was  authorizad  to  avaluate  f.i.£>c»d  dsLMgo  raduction  uifi&Ruras  to 
protect  agp.inst  a  rscurronca  of  tiiat  avant.  A.I though  th»  suudy  is 
currantly  in  progress,  tha  most  favorable  of  th»  plans  appaars  to  be 
enlarging  the  Te.'' low  Creek  channal  £ra»  sail*  11.4  to  mile  14.9. 


XKTBODS 

The  sedimentation  study  addrosssd  two  separat*  issuoei  Uie  proposed 
ohanuel  oniargetuent  project  dowustreaa  frcxa  Middiesboro,  and  dredging 
plane  in  the  bypasi  channel,  h  coahination  of  the  SAM  hydraulic  daeign 
package  and  the  TABF-1  one-dinensioiial  sediiuttotatlon  aodal  was  used  to 
evalua,tii  these  plana.  TABS- 1  nuiaorical  models  were  dsvelcped  for  both 
the  downstream  and  upotrena  reacheo.  Ths  liownstraam  )iisodel  inclutod  5.53 
miles  of  lellov  Creek  between  milee  9.43  and  14.96  and  then  1.37  soilss 
g£  the  bypass  channal  from  its  confluence  with  Yeilcw  Creek  to  the 
downstream  end  of  the  concrete  chute  (figure  1).  Initial  geemstry  for 
this  model  was  talwm  from  1980  Corj)«  of  Engineer  surreys.  The  upstream 
nodal  incluxied  the  bypass  channel  upstream  Irom  the  concrete  chute  (mile 
1.7)  to  the  mouth  of  Bennetts  Fork  (nilu  3.9).  Initial  cnaiinei  geoBatry 
for  this  model  was  taken  from  Corps  of  Engineer  svarvsy*  taken  after 
ramoval  of  sediment  deposits  in  1278.  Surveys  taken  in  1987  aii»i  1992 
were  used  to  determixie  sediment  accunuiation  in  the  prototype.  Cross- 
section  locations  and  model  boundaries  are  shown  in  figure  2. 

Modal  Innut  Puramaterc 

The  historical  histograph  used  in  the  numerical  model  was  based  on  data 
from  the  US  Geological  Survey  (USGS)  gage  on  Yellow  Creek,  Iccf.tad  at 
mile  11.4.  Only  naan  daily  discharges  grsator  than  200  cfs  were  ucedi. 
because  aodimout  transport  wca  found  to  be  negligible  for  lesiior 
discharges.  Peak  dischargea,  greater  tlian  3000  cfa,  were  used  to  adjust 
mean  daily  flows  to  account  for  the  iucreaacrd  sediment  transport 
potential  at  high  flew. 


B«d  ]&jLt4}ria.l  s&mpleft  ware  collected  from  Yollov  Creak  and  the  bypaae 
chf-nnel  in  March  1989.  These  samples  indicated  a  wide  variation  in  nizes 
(Figures  3-5).  The  stream  channel  is  composed  of  two  distinct  claseoR 
of  material.  The  lov  flow  channel  in  the  bypass  channel  is  conaposed 
primarily  of  sand  and  gravel,  while  th«c  bars,  banks,  and  benches  are 
composed  primarily  of  fino  erjid  and  silt.  Channel  surveys  of  the  b^TAB* 
channel  indicated  th^it  deposition  occurs  prijaarily  on  the  bars  isnd 
benches.  Field  cbeervatians  in  Yel-lcrw  Creek,  downstream  of  the  bypase 
channel,  indicated  that  fine  sediments  were  depositing  in  slack  water 
areas,  along  't;he  banka  and  behind  vegetation.  It  waa  also  obsei-ved 
during  the  field  investigation  that  several  portlonn  of  Yellow  Creek  are 
armored  with  lar^n  flat  cobbles.  These  alternate  with  sections  of  coarse 
sand  and  gravel  beds  in  typical  riffle-pools  saquoncea.  Suirveys  werei  not 
extensive  enough  to  identify  all  of  tho  riffles  and  pools.  Therefore, 
average  bed  gradations  word;)  u»ed  in  tho  numerical  model.  Soiaa  sections, 
identified  as  riffles  during  modal  adjustment,  were  assigned  irsdobile 
beds  to  prevent  excessive  scour  in  the  model. 

High-water  marks  from  &  flood  of  11,300  cfs  i/ere  ui^sd  to  estimate 
Manning's  roughness  coefficients  for  e^^sting  channel  conditions.  These 
ranged  beUraen  0.030  and  0.043. 

Available  eedJjnsnt  i.n£low  muasurements  were  inadequate  to  define  sediment 
inflow  for  the  entire  ra^jga  of  historical  and  dseign  diachargee. 
Therefore  sediment  inflow  va«  used  as  an  adjastment  parameter  in  tir-x 
nuzxtrical  modele.  An  initial  estimate  of  sediment  inflow  was  datersined 
by  calculating  average  sediment  transport  potenclal  at  tho  5  upstrestt 
K)Sf  crcaa  ssctirinc.  Sfidissnt  inflow  v<.«  thtn  reduced  or  i-ncraasod  hv 
equal  percentagt^t'  in  the  adjustment  phase  of  the  study.  Calculated 
outflow  from  the  upctrceai  model  was  used  as  Inflow  tc  the  downstrasiB 
modal. 

A  modified  varsiou  of  the  Z.aiirRen  <1958)  equation  was  used  as  a  sediment 
transport  function  for  this  study.  The  msdifiad  Laursen  equation 
(Lnursaa-Copalaind)  incorporates  data  for  transport  of  gravels  in  additloa 
to  the  sand  data  used  to  develop  thi:  original  Laursen  function.  There 
are  aorkb  differences  in  tlie  way  hydraulic  parameters  are  calculated  in 
the  modified  equation.  ThJ.s  function  was  developed  to  calculate  sedim:3tnt 
transport  in  a  sand  and  gravel  bed  stream  (Copeland  and  Thoauis  1989).  A 
cambination  of  the  Toffal.etl  (1966)  and  Meyer-Peter  and  Muller  (1943) 
equations  vau  used  to  test  the  aenaitivity  of  the  modal  to  transport 
function. 

Model  Adlustuent 

The  nuDGirical  model  of  the  bypass  channal  was  adjusted  to  simulate  the 
aucumulated  measured  aggradation  between  1978  and  1987  surveys.  The 
mcxlel  was  adjusted  by  varying  sediment  inflow.  Three  adjusted  numerical 
models  were  developsd.  The  first  was  a  single-grain  size  model  (very 
fine  sand),  and  sediment  transport  was  calculate  using  the  Laursen- 
Copeland  function.  The  next  two  adjusted  motels  developed  were  multiple 
grain  size  models  which  simulated  sediment  sizes  bet  0.004  and  256 
miu.  One  of  thaae  models  used  the  LaursHn-Copeland  fiinction  and  the  other 
the  cotobined  the  Toffaleti  and  Meyer-Petcir  and  Muller  functions. 
Comparlsone  of  calculated  and  measured  longitudinal  cumulative 
aggradaticD  are  shown  in  Figure  6 . 


Th«i  ndvantago  cf  multiple  grain  size  aecdale  vas  that  the  longitudinal 
diati'ihution  of  eediauant  deposition  vas  closer  to  that  nsasur-ad  in  the 
prototype.  In  addition  tiio  adjusted  8ociissn.nt  inflow  curvas  were  closer 
to  tlie  maefc'.ired  data.  HoTifever,  the  caiculat<»d  gradation  of  deposited 
material  was  nuch  coarser  than  the  prototype  material  found  in  the 
benches  along  the  low  flow  ciiannel.  Appropriate  quantities  of  fine 
deposition  in  the  benches  could  not  be  obtained  with  the  multiple-gmija 
size  Eodals  using  sodimant  inflow  concentrations  extrapolated  frop  the 
measured  data.  This  is  attributed  to  the  nuxsarical  nodol  constraint  of 
using  average  hydraulic  paramoters. 

The  advantage  of  the  single-grain  size  modal  was  that  the  deposited 
material  waa.  composed  of  fine  material  just  like  the  bonchas  in  the 
prototype,  however,  the  adjusted  ssdinant  inflow  at  jOW  flow  was 
couRidarably  higher  than  measured  valuee  and  the  lotgituaiaal 
distribution  of  the  deposit  was  not  aa  good  ae  with  the  lailtitle-grain 
size  luodels.  In  addition,  calculations  with  th«  very-fine  sivnd  modal 
were  characterized  by  bed  elevation  oscillations. 

The  TABS-1  numerical  model  uses  average  hydraulic  para-npiters  to  calculate 
sfediment  erosion,  transport,  and  deposition.  It  does  not  account  fox- 
lateral  variation  in  hydraulic  concitious  and  sedimentation  piroceases. 
Eased  on  bed  uax^jles  and  field  obsei'vations  it  is  apparent  that  therof  are 
two  distinct  sedimentation  processes  occurring  in  the  byp-ass  chaiiael. 
Coarse  sojid  and  gravel  is  deposited  at  the  upstraaisi  end  of  thb  channal 
and  at  the  confluence  of  Stony  fork.  This  occurs  priaarilj  at  hig.h 
discharges  when  the  larger  sized  material  can  be  moved.  Depossitlon  of 
fins  sand  and  silt  also  occurs  in  the  channel  in  a  bench  cdjaceiDt  to  the 
low  flow  chonnal.  The  hydraulic  conditiona  that  precipitate  ^.s  bench 
deposit  are  uncertain.  Plow  separation  and  eddy  development  at  higu  flow 
could  be  responsible,  or  deposition  could  occur  on  the  rsceeuioa  of  the 
flood  hydrograph  when  flow  depth*  azid  transport  capacity  an  the  baach 
bsccjsae  sicjniflcantly  less  that  in  the  low  flow  cliaiiael. 

?or  the  purpose  of  studying  dredging  alternatives ,  accurate  raplicatior. 
of  the  longitudinal  distribution  of  the  sedliMint  deposition  wes  doeiacd 
to  be  the  most  ia^jortant  factor;  and  the  aultiple «grain  size  J^ursen- 
Copeland  model  was  chosen. 

The  Yellow  Creak  bypass  channel  was  reeurveyed  in  January'  1992.  Eetwiwin 
1937  and  1992,  a  net  accuraalation  of  about  22,400  yde  ^  wca  calculated. 
About  11,400  yds*  were  eroded  from  the  channel  k^tvetm  the  concrs'te  chute 
at  mile  1.7C,  and  mile  2,1;  while  between  miles  2.1  and  3.8 about 
33,600  yds*  were  deposited. 

Tbft  predictiv*  capability  of  the  numerical  modal  was  tested  ui'.lng  th» 
resul'its  from  the  new  survey.  The  historical  hydrograph  vas  e^^bent^«;d  fros 
Septambar  1987  to  September  1991,  a  total  of  13,75  years.  Th*  nuiaxical 
mcxial  was  tasted  using  two  different  iniLial  geomstries.  T!v®  1987 
surveyed  cross  sections  were  used  with  the  1987-1991  hydrograph.  The 
1978  surveyed  cross  sections,  adjusted  to  include  a  low-flow  channel, 
were  tested  with  the  1978-1991  hydrograpb. 

Tno  muDcrical  aodol  did  not  predict  the  1987-1992  prototype  dagr'.datlou 
tliat  occurred  betwoea  miles  1,7  and  2.1,  with  either  initial  gtv-.aetry. 
Thio  discrepancy  is  attributed  to  differencow  in  bed  material  dowrsvtraam 


Iron  Bi.1*  2.1.  Wbun  b«ci  was^pina  vato  colloct«d  iu  Ma.uch  1989,  no  utuasplef\ 
vurn  obtAinttd  from  ^Ib  roach  bacauao  warsr  dopthis  v.«ra  too  great  t  — 
wadding  and  e  boat  was  not  available.  Wa  expect  that  this  reach  ccntalrs 
«ignx£icantly  finer  bed  rantcrra].  than  the  averogo  determined  iroa 
upstrestn  samplov.  aigh  runoff  events  could  be  responsible  fct:  tie 
ieuo«al  of  fins  icatei'ial  in  tiis  dovnsvrsa.«  reaches  before  the  19!v2 
survey.  In  any  event,  the  nuutirical  nodal  is  not  considered  verifloct  for 
predicting  the  behavior  of  tha  bed  betvean  the  concrete  chute  arid  mile 
2.1. 

The  nuaericai  acviel  vaa  ver>'  successful  in  reproducing  Kvaas'.'rod 
aggradation  upstream  from  mile  2.1,  as  ahorwn  in  l'igur«»  7.  The  numerical 
Bimulation  using  1987  cress  sectioua  for  initial  conditionc  r«iprcx}uced 
$9  percent  of  the  meaeiu'ed  deposition.  The  calculated  ciepoeition  betvracn 
1917  and  1991  from  the  nunerlc&l  Bimulation  using  the  1978  cross  sections 
for  initial  cuoditions  reproduced  1C2  percent  of  the  ieoasured  dapoAition. 
Thsee  ree.>'lt:B  ore  rGOiorkably  consiatant  for  aedlmeutation  studies,  and 
the  Qusvarical  model  is  conaideied  circumAt&ntiatAd  for  pr;cdictlng 
a€‘VOff.itiou  upstream  fren  mile  2.1. 

Thu  eoiatirig  yellow  i'xetti  channel  downstream  fro^  byp^'.sc  chen’uxl  Is 
cen^xdered  relet.i.vely  and  the  dowiistream  nun*)X'iCAl  modol  wait 

adjae*'ad  to  obtain  miuicuu  calculated  bed  cnmigsB.  Several  modol 
adjustments  wers:  found  tc  have  an  insigr.xiicant  effect  on  results.  Thaee 
Jnoluded  v«jrying  thoi  initial  bud  zuMerial  gradaticne  in  tha  pool  a.v.d 
rxffla  sectious,  varying  th<u  fie<.'i.XBSD'v.  infl'Tx-  concentration  fross  Little 
IwlltAJ  Creeb,  adjunting  initial  l#ed  ^levatlone  at  porsle,  coa-^xucting 
crorsj-r.&ctiona;  at  poalr,  and  va,j.-yii,\g  rojghnja®  coisx'f icieoiw  divpth. 

Cthu.;-  a.djuet4fc«nts  ware  found  be  Eignif.tcanK  ^ind  wvjre  incorpoietmd  It  to 
tbt  model.  Adjuataento  vvr'i  .uedv^  to  tits  iiiitiol  b«sdi  material  gradation 
Jcwrjfc.txeaa  from  mile  12.1'  -  ‘'ere  the  s^odwl  imttaJ.ly  uaJ.culatmd  exceiteive 
degr'idatioa  In  ttiie  .  ..  tha  itUtixl  bsd  Cvaterial  grodatloo  vos 
coexfreued  bsesd  o.n  colcilsted  bed  gradations  at  ttM  end  of  enveraX  days 
of  high  flo'4's.  CroaS" lections  upstrc.\nt  fx'or  b/puee  cht'>ix»i£l  niJei  C.4S 
were  aesigned  nou«a/;ocyble  beds  bi.iicauss>  of  oxjce»alvo  cwlculet^su  acvur 
that  w»»  not  apf'crurt  ‘ja  the  provot;>'p«.  Thi.R  aeeigi.'Mant  is  rnusonable 
due  to  the  pr«wttnc4  of  shale  bod-ioch  vary-  ua^'X  tlie  tha\wv\»g  a;l«>«vatioi.i  at 
nil-  0.49,  Hou-erodible  b^da  ware  also  assigxishi  tc  cross-eact:  :>na 
oatwwen  sailus  11.17  and  11.85. 

\a  calculated  thsiveg  profiles  with  tha  cdju.tUT^i  us.'xiwl  c£  ths  exietiug 

■'rnetrsoift  cbannwl  at  the  end  of  the  19 ''0.  is 87  8i'«i».\lat.,ou  ar®  shuW’n  iu 
rure  8.  The  uYjdel  calculated  sedinrot  accuxu.\lstlon  In  the  poc'le 
''t  ream  trcte  thx  control  at  .  .lo  li.85.  tJlvl.s  accoktlatioQ  was 
rxl*\  vely  rapid  dux  in*:  the  firs.  2  years  of  thw'  sisBuiation,  but  the 
occumv. atioQ  rate  deci-eRr^svi  clur.Ln9  tlve  nojrt  3  yx,\rs,  AJi  ti>e  simulation 
pracei»cih<d  the  rw'Aiel  A\d  }v(x '.'.nl  to  its  iucowiug  0adi.vA^r.t  lodxci.  The 
was  eseentially  sr>A\.v  about  £007  cublr  ytx'dr  Lad  rlepos it.ad « 

arwdnltig^  t 

The  proclsjs  of  dfcU\iMijitng  z}h\  most  efticient  c.'.ox'R-aoctioti  Bhafxw  end  on 
appropriate  maintej.'inc©  dtvidyxng  stratcigy  lo.t  the  lellow  byp4ss 

chonna.’.  vxa  addre«suv>  U9„ng  thw  hydraulic  design  (>ackJ9ig«,  ShK,  s  a)  tlia 
r^BS-l  Iumx^ric^l  sediiwjutBtic).  »o^y.vl.  .tAM  was  uv®'i  to  d«iiA'.T:mlne  an 
average  c.a  s«- i?*^ction  trat  vuu.Vd  trur-open:  thoi  moxf,  ssdijevnt  oud 


thuvntay  raduc*  dradgin>j  re^^uiroMent*.  This  raquiirad  avaluatiug  trantpati: 
ctpaciry  for  various  chaniisl  crcsB'-sactlonB ,  and  st,op-viae  integrfei:i3n 
of  t.ha  flow  duration  and  sediBJont  ratine;  c'-irvaa.  TABS-1  vaa  UBSrd  to 
caiculata  10-year  dep*3sition  for  a  ISS"?  base  condition  and  for  two 
dredging  altamat j  ves . 

CoMPoeite  Socticn  Dew ion 

A  cosaposite  section,  with  a  low  floi  channel,  ifl  daaiignod  uo  provide  Mr# 
afficient  hydraulic  conaiticine  for  transnoirt  at  low  flow  without 

sacrJ  f icing  hydraulic  ef  ficiftnoy  ar.  high  tli/wo.  Ihe  SMi  prr^raax  wa*  used 
to  CQfflpa.r®  transport  efflciec-ry  for  eectioas  with  1.-  4,  and  4> 

ft  deep  low  flow  channel*  with  ^  trK^Jtzo.V'Ai  ciOES-sficcion ,  Easa  widthr 
for  the  low  flow  channtil  were  tietvmined  by  ragins  the  btsa  vidths  of 
existing  cros*'  oectian  ■  ^rpruraait  enc.  OfAtfnetreaoi  vres^  the  rati'luencsi?  with 
Stony  Fork.  The  arsragfv  Laa*  v'jcth  rpstreea  rud  douT^strena  fror.  tha 
confluence  with  atony  Fotk  v&»  2i'  ft  and  40  it  rsap^rtively Sid«  fcloptsip 
of  2K*1V  vers  ’'s&ignrd.  0*.  c  ;!U.}.S!u,  o  :h«ir  yeoiiAitv.'iifi'e  may  be  aj  t-xopriat'?, 
but  ueing  *Tlatix.g'  bas'd  visi^lifc  Id.v  ttiss  flc'a  chann?-!  is  confrittsn.t 

witn  the  giaayhaj:i:'hir  princrplir.  of  'he  stv&ax  the  beyi  ipodei  of 

Itsulf . 

The  averagw'  energy  fcl>>/ftie  lor  th,«  v»-'e*  v@iicber  iii  •viuirf  dwvtirrion  c:^s5iJin®i 
were  ciitU3.'&!iincKil  uarng  t.'j>  EKC~2  bacJrsatar  toufiJ  p.repcr.'ssd  ISlt- 

gsc'fastry,  evjigy  olo;.-®*  vfur.s  d*it>'r,uinyr  for  the  divt'irslon 

chrajjAU  fe>*nt«v-iSin  'rhv-  ix’icrotfi  chvu4>  and  Fork,  tnrl  br-twu'an  ."it/jiijy  F-Mk 

ftnu  3.3S  ( froo*  Cu»^T:isCi'i  Ai'to>Eiiie>,  In  tieuA'rtlf  enar^iy 

sXopC'  vi.t.l'.  dovvysatrriaR.  fstax  th'r  f;oiaCXue:v;o  iith  i'V.V-iy 

Fo.("k  e-od  incrti<4B«^  wrv.h  ■iji'icUairgci  uListrenA.  Ire.®*  tliw  ccufiufincy  s'itli  .'yyor.y 
Ftrl:. 

Byfi’nalkC'  piNjpa.nT.i&i  in  tJe*  c^ss^o.'iite  cr.-.twB-ciFwtion  vere  d*tuii-3*inwd 
fur  both  thv  low  flcn*  chnna'":;!  iaid  thw  l>.;.nirh,  yluid 

>>u  CKUixity  ol  tlvs  cro*.#.  .icetiwaw  icr  tlio.  reach  upssrxseju  c.i  Stehy 
St.*  c&<.’:vili»i®d  th»i  Lcut.»fin-Co£»iifiind  function  ('labloj  2)., 


7.  d»<lis»ant  Yield  Upi^ti**nn  of  ^U^ny  ItirX. 

v\u';t.»,c^E  p*rc»i»r  of.  Tottl  Yiiii.i'5 

__  _ _ _ _  wx*  r-.  YT»i:^<»4g id.- )  s&)'.  ipp 
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3.  Sedicv^nt  Yield  Downecream  of  Stox^y  Fork. 

Forc«nt.  o£  iQt&l  yield 

Suation  _ with  trapetoidal  eectioo 
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DrcdwXinct  Aity.:o:uit.ivfe* 

TO*  '?ABS'-1  laodel  vft.«  u*cd  to  evaluato  dredging  altemativoe.  Dredging 
W.1  t;6E7AttivMS  vmft  ttVAluxitj&d  ty  cAiculatiug  deposition  iu  bypese 

cbarujusil  uslag  tb%  1&7&"198'7  hydrograph,  and  scm^parlug  reftaulia  to 
cal'';;ulat4s<d  dapoaition  for  the  tr&jam  lO-yaar  bydrograph  using  ihe  existing 
<1S87)  channel  g&oaetjry  aa  a  bate  test.  Dredged  croea-sectionc  for  the 
aiti^xioativeA  vore  atusilgned  £>  conposits  gecaaatry  vitb  a  4-ft-^dacp  lev  flov 
coaxixc'.-:)! ;  25  ft  vide  upatrmas.  freex  Stony  Pork,  and  40  f^  vide  dovnstreaiii 
fro^i  litany  Fork.  Dred<’ii-i;g  oc.’ox.-jri.ed  bi^tveen  sd.les  2-75  and  3.48.  The 
flrijt  alten^ative  vat  to  ^ec^Q9  about  26,00D  cu  yda  to  about  the  aaxie 
average  elwvaticwx  aa  tiia  19 7 fa  dredging  operation.  The  aecand  altematixro 
w.vii’  to  dr&dg®  at>'>ut  44,100  ca  yda  to  an  average  alevatiaxi  about  one  foot 
iovur  then  tli*  .ViV9  dredging  operation, 

.V3:gradiF,tJ..Q.'^  ixf  tha.  bypajiK  chACotfl.  was  calculatad  u^'  t.*«D  sisiltip.la- 

g,vain*’Oist*‘<  li*sii'a<en*-doj:«i.lattd  trarx?ii>ort  functicn  .  Accu)»..'lation  rataa  and 
P6rc®nt  inc-rii-tSiii&i  in  dredging  vitli  tba  dc^dg.lJig  altonuiitlveB  are  Bhce^n  in 
Tab} a  4 . 


Tfibl*';  4.  Av«?i'«i'je  tecuaailation  in  Diversion  Channel  Ea»«d  on 
li<JS--19ftV  Hyaregraph  (LAuraet-Copolaitd  fuactloc) . 
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Function 


i'offaleti  4,  Kayer-r-«tar  Muller  RUilti-grtin  oire  tratio^xjrt  fA«r;c:tto;', 
wfeip  ustrfd  to  evaluate  sodel  seneitivity  to  tiuaaport  I’cactlon  UJiii 
Inflow.  C^ji-culoi  ted  ceaulte  uo  ehown  is  Table  5. 


r.icuiS  between  the  reaulta  of  thie  tasvt  and  the  utwt  ixctiv^-  tiwi* 
L&crr»£v .Copeland  Cunttioa  are  attributed  to  tlif fareaci»si  in 
infiw  f;nc'  transport  fvuact*,on,  and  hoe  tha  t^jjo  fux\::tiafl :  s  to 

chang^a  in  c-hannol  .  Thx.e  cuaxpnriaon  providvfj  n  t  ;  ';;  i  idaiVo;* 

inlva^viil  tor  the  ,nuit*rlcal,  reauite. 


Tahlo  A>/©x'-'iyei  Accuirvjlaticn  ii:  I^ivarsxoii  Chu,mi9l  on 

197a"19G7  Hvdrcarftoh  (Toffalati  6  Msiv©r-)?c-TJ».t  j 


197a"1907  Hydrcgraph  (Toffalati  6 
fujiC'wion) . 


)SM7  <:;*  otMsvry 
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Cs.lcc.iat«d.  P*roiaat  ot 
{gu  yde  ;  bftsg  tafc 

34,300  )00 

41.500  131 

<14,200  129 


let,  3  yrg  iu  yrt 


rh»;  rwi  asr-Ptttfcx  liuilwr  tguet-iort  waa  via»d  a*  e.  aingl©  craij.  elzs  txif:Q,atrf>rC. 
ZuiiclJ.Gti  tti  «vaiv.£tc  tha  offect  o£  t.he  dredging  altarnatlwaj#  on 

gKavr;;  (5.S  simi  Vb&  uead  sk  this  j:epr«eentativ»  gralri  sijiiit  in  thss 
Eods;!,.  ModwX  result  tt  frhawad  that  about  57  cor  cent  of  th.©  itf  Icyiflug  h\Ad 
load  VMS  trtpj^Qd  ih  the  divaraion  chanhcl  rogardlacss  cZ  thi®  j-Ditia.l 
ccoamftyo  For  e.Tl  casas  taatadp  ao-«t  of  tixa  dapoaitlon  was 
clowiSBtrarjii  frexa  tho  conllueiica  vith  Stony  ForJt  ami  b4>tvaan  the  contlnmxQfi 
of  .Btcay  J-ork  auu  ri.l«  3.63.  This  tost  chorrfs&d  that  ,h-®d  load.  £ccumja.tioii 
ifl  not  ffligraif lean inlluanceG  by  tiia  dradgiag  alt«mativc>®  t»«st«'i,\. 

Lone -Tata  Tr^nd a 

Th«  loag-tera  elfacl  of  dradging  aitornfitivas  va»  \9valu4t4>d  by 
oalcjoiating  0O|?oBitlon  in  tho  bypaas  channal  usiiig  tfo# 
hytlcograph  4  tiwsn,  for  a  5n-yr  wjLEsailatir.a.  in  vhs 

byp&to  chiuaaal  wju  calculntad  ucing  th«  KCiltipl«~gr4iii'>6i.te 
Copaland  tronai^rt  function.  Tha  progrotsiou  of  tot&l  ftcctayRtAlatftd 
dapo«itii>n  in  tha  bypass  chanaal  for  tha.  55-y®air  x  iss-ulatioa  is  sntfwn  in 
Figus:®  10,  In  this  figuca,  initial  dredging  volussti.®  sr®  jjaaic.'«t®d  on  t3?,» 
ordinate.  ArrcursLlatJ.on  rates  and  paresnt  incresas  in  dredging  vith  thjs 
dredging  alte.vaativeij  era  sbovn  in  Table  6,  A>gcixaujlation  rates  shmv'n  in 
the  table  cira  cuisulative  for  tha  uuaibor  of  yettra  Imllcatad. 

Tftbl'hS  6.  Avarage  Acouotulation  in  Divarsioj'i  Channsal  B«u'*ciKi  on 

1978-1991  Hydrogxaph  Rap^ated  ♦  tiiwao  (I.«iurjt®iLi*-Copvland 
function; , 


19i7  0*H*Ktry 
Aitcra^tl^  1 


Total  Percuut 

calculated  at  baa* 

_ _ 

23^,590  190 

219,700  *3 

235,500  100 


JbccunuLation  A«t« 

(iMi'  /  year) 
l»i  2ud  3rd  4th 

1  <iyi'K  A  jyr*  1 4'ixft  lAvx* 


5iC0  4»-0 
5170  il'e-'U 
&«20  <3i0 


3510  27»0 
32^0  1S50 
3450  2170 


Using  th*;  1978-1931  hydrograph,  it  take#  about  4  yaara  for  «.li:Ji,?niitive 
1  to  fill  back  to  preeSredging  conditicjaa}  ajid  about,  yeairsi  fr.;i. 

ftlteiTifttive  2,  During  tlie  firot  three  yearn  nt;cuuu.ilation  rctac 
aiiri  17  3  percent  oi  th*  axioting  (  1987  )  cham.-sl  fev  «lt4»r!.iBt.iva«  1  tuid  2 
respectively.  aovaver,  as  ths*  r*;*irui*l  fill*  vf.th  &adijj!«isnt .  iXi/ti 


\  '.-4 


accumili’tlon  r&tea  dacreasQ,  and  thare  ia  leaiu  and  leas  difttiuccxon 
batvaeii',  -th*  altarnati'/an .  Mtar  tjia  tirrst.  ?8  yaam,  difiarencoa  in 
x-.f;cumilaiicn  rates  may  be  on  the  aar^  order  or  uagiiihuda  a#  the  acrurac^^ 
at  the  DviHarical  inodal,  and  rosulta  must  b4«  Interpreted  with  care-  It 
may  be  concluded,  however,  that  even  chough  the  rates  decreaew,  the 
decxeiBv  is  relatively  smll,  .ind  equilibrium  conditions  will  not  be 
attainod  in  the  Yellow  Creek  Diversion  channel  even  after  55  yoara . 

^tai'iri ard  Proj^^ct  Flood 

Thn  pn^rforaanc©  of  dredging  alternativeo  daring  the  Standard  Project 
Flood  l>«tw«&-n  tiiR  concrete  chute  and  t'xr  mouth  of  Cennetts  fork  vers 
comparfid  using  the  numerical  ZDodal.  The  sedimsnt  inflow  rating  cur^e  X7a$ 
erorapctlatea  beyond  dischergea  used  to  cixcimuit  ant  late  the  modol. 

in  Botna  degree  of  uncertainty  with  respect  to  predicting  actual 
prototype  perfuxmancs  and  i3U8t  be  considered  vhe^i  interpreting  r)<«BUlts. 

Agg  .^datiou  in  the  bypass  channel  during  tlr^  Standard  Project  .?lood 
ca  lculated  uelng  the  multipleograin-size  L&uraen- Cope  land  tr«nspo2"t, 
function.  Total  eodiiaent  accumul*' ticn  in  the  bypase  channwl  at  the  peak 
of  the  Standard  Project  Flood  is  sha<rT,  in  Figure  11.  '^^^tal 

accumuietion  voluanSAX  for  the  dreo^lmj  Aitomativoe  are  shcjwn  in  Table  V . 


Tthle  7.  Averaya  Accujaulation  in  Bypass  ChanroX  Rtnndard  Project  Ficod 
(haurN)tifin~-Co|>eland  function). 
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I i { y  t  re e a .  .Pc» <t  .1  o  n 

Tht.-  pi-'Oi_>oii.«d  CxiO'wji  dfc'Blgii  chann'A.'i, .  dcwnx'treaa  frun  ths  bypass 

charrivtl^  c<i>1.1h  for  incr^aaing  Uio  channel  wi  ith  co  lOQ  ft  through  aoet 
■ui’'  th®  ctudy  r*j*r.b  ualea  ll.fei  anu  14,.56«  and  la^’»ring  the  bed 

•ni >■*%'«. t.t.w  «i.t  iX.85  by  Ri>out  3  ft.  Ihu  uumi^xical  wodwi's  gecxjitry 

Wdiin  jwlcciiJ  tr.  a/ioouwi  for  chajigau  and  tasVu.'Kl  itfith  ttis  i978”iSG7 

hy'Jtt.Vjfx;a'?^h.  in  erjeoiated  deir.aci*;.ti&n  or  aggradY?.ticm  frok£  th* 

o.^.iati.'utj  charo^si  «wirk.  attriteteo  ta  the  dssigy  of  the  prepuitd  charinel. 
huilvi-i'  lh»  fl:.si  yo'ii-x ,  34,100  cv  yde  cl  agg^ai^atici/  and  39C.'0  cn  yda  of 
i;3jK,gr'.i,i.5.Iic>i:i  wsjijca  caiculated.  Alter  tsn  yeais,  u  tctal  of  a't.lOO  cu  ydu 
cf  dilation  eu'id  11,300  cu  yard*  of  degradf-ticc^  ware  c«  IrAtlvitaiC.. 

C« Icuis.tJ'nf  ii:;’t;cSk;iiaC.ud  (i«t>o*itj.on  lav  •U^«  dewiga  chainel  and  th«  evdiatint 
it ioit  6 to  tlia  chaJM'ici  itpsovaiasata  am  mhnui:.  in  Figure  9. 
C:ci?-.'^w.rir'g  f&rtnca  \r  cuicu.J  <;ccvrm«j  aticne  bcAwect  th©  esintlng 

wui  di!6iigT\  on  tha  av«  ..  non  najjw/  icai  xcidel  reAult*'  imliceto 


-L-htt')-,  efcout.  32.000  c'.i  yda  of  s^sciimant  dnpcjaits  c«ji  bu  erpecttsd  i:a 
pjcopoflad  obfi-nn^l  uaieae  on  mirjual  maii  tfinajic©  progrssii  ia.jile 'Kaiii'weci. 
!iott  of.  thla  acdU'AUlatica  would  c?ccu.'r  during  tha  fiuB'.:  y»ar. 

Sigaif.^csnt.  stcii'iiJGUt.  accuB-ulation  we,*  nalculatiisd  ia  thes  i'iret  0.5  jiiift 
of  iffiprov’piJ.  Rhanuttl.  'i:h^8  s.s:<,.uaujl&tioM  i'j  iLt.trii3Ut-«.ti  t.o  tbo  ddcrtiasa 
■is?  B«s.djr!®at  t.rH.aapi.:-n;  potential  vi^^i  th‘»  wiiiaaed  obfuuriwi;  uo  that  it  is 
unablft  to  trau-siscn..  all  of  tha  iucrattiiig  fcodis^'ant  load. 

Tim  nuataricftl  cf  tliii  dasicn  cbannsil  indicatfii  t.U3,t  degtadation 

ws.ald  occTor  lu  reachwai  vhsre  the  ch<ajL"iF.  L  vac  r.ot  wider. hr.  snile  13.02 
the  chBJiiwl  waui  aol  dun  to  cca«;t3:a.int£  Ivi'  highwayi*  ou  both  iiic’es 

of  yellow  e.au  al'jout.  1,1  ft  of  dagrasHatioa  wa*  CH.loul.atj,d,  Lowariag 

of  thft  bed  at  nil©  o&Mld  cdso  a  oontributiag  factor  to  th« 

dsgradatioa  *it  kl1I«  13.02.  Dogradatiou  of  cix’ut;  1.6  ft  wasj  calcu.ic.ted 
at  ti'rr.  ri!'.ilJ:o<s.!i  lu.Ldq«-  at  a.i.l8  14.15  whwr©  the  cb«.jQU.al.  ,lte 

exi'itijjg  w.idth  ia  th©  pscpc-ftigifi  desig-ii.  Dtt.gt:adatic5n  o.f  about  3.7  ft 
orjcurred  la  thi  sii’3Cirii.lo&  cauial  upetreais  f-rcss;  it.i  ronflusiactt  with  y^Bllow 
Craok.  Ttia  degradatioa  io  ai.t-r-tbutfici  to  lowmorJ.ng  of  th»  vi^te.r- surf  ace 
cleve.iioRft  ia  t.hib  l!r>i>rcfvwd  oxa-ak  cliJinuul. 

r.cnKitlvity  ^i'cgt?'  «•  Downiitregm  Channel 

The  of  uuMiical  tacdel  rosuits  to  ct'clLtMuit  iTflct^  wjsa 

«;‘vaiuat.*id.  Ew^/opo*  ol  thr^  calculated  outflow  froai  tiuai  wpi^txeaisi 
n^rKbSrical  26.adAl  u^iiig  tl'f.  IS<6-1S*37  hydrograph  war®  urietl  to  dii.'v«riaia^. 
high  aurJl  low  McdiJSRMit  inflohi;  rating  c\i:*xfv.v»,  Wh©t).  swdiiaBivt  inf  lav  vm 
radd/.vad  by  50  porcunt,  eadJjr.ent  a'^curwilaticn  In  tfr*  ch.«,ixntt3.  aft*:, 

thtfs  10  yoiaj:  ti^uilstian  vae  Ec-iuccd  aboui  34  tercont.  iwoon  Tl.t«  aj«di.ia®nv 
ii.'.fXow  vae  ixj<sre<i*«(i  by  80  p^rcanti  aodiA'iut  accua'u.l'\ti.on  iu  th©  d.^isiiga 
chaune.l  at  the  end  of  thu  1C  yffejr  BimrlRtion  iacxr«a»od  by  aj  percout. 
There  re&ultc  deaionntrate  tlxat  nedlxseut  usposltlon  in  tha  dciflign  channul 
ie  suuKltivfc  to  EQdioeut  in/Uw.  The  gwueral  rtietr.lb"t.if>it  of  sed.tiA^n., 
ift  nut  sensitive  to  sediahiit  inflow. 

The  nuTiori.cnl  -mk.^  used  to  cou't  thw  *f2«?ct  of  decreasing  thi^  dcalgu 

roughoeae  cuofticieutoii  in  the  htniiir'vaci  cbaui?el.  In  th®  or.igiv*©!  dr-c  .i.c.x  ^ 
the  i'vvugbnose  co.sffiicAe.ntfl'  lor  th©  dtie'ujn  chauiud  wuru  .n»!si.Q?M*)d  thw  »'sj» 
value  AS  £o.i:  tha  nat-urj*!  cheiiaoi.  If  baak  roug'hneeR  iu  oiguificar.txy 
higtusr  th«  bad  coaghuftse-i^  t-hen  widaisniag  thn  chaxiA^.l  Khould  z*ilao*. 

the  coKiiicmita  chaniiei  rougiisess  cwificient. "  Using  the  ld..i8Sf  vli'.C)W  {Wif) 
equation,  and  a  D*,  of  10  ku,  a  bod  roughr'«>.5S  cf  0,0^2  w&iti  '"iat. , 
h  br.uk  rou9Ui;<cfc&  cf  0,050  was  then  cticul«it«Kl  rsaufi-lr.g 
i-ougbneas  ot  0.03&  in  tho  existing  chaunfel.  Oviing  a 

c:oai5f>.3eitfc  .TOugiiaiiiBO  coefilcic'Ut  of  0,030  wa*  calculftti^d  Zoc.  litre 
cheuvvoi.  Tri*  value;  uajs  incorporated  i.r:to  th®  aua"jf.u'icil  to  vt'.ut 

tiw  effect  of  t.U»  pos.-sible  les'er  dflftiga  rctugrOiaii*  c  At;  tts 

ead  of  the  I0~yr  sjjsulat.ton  acrufflulateu  nggiedivLior  iX-utjtn^  xo  xhj.'. 
dwsign  chcuiJc;Alp  ’sfith  th*  ucigin*!  l.ni\.i»rtl  xnvert  cle  rat  Lu'i.o  y  atx'iV 

10  pcir'cent  ,-:;r  3300  cu  yd5  l.ervu  with  tn#  Icjcsvr  rou9h.c.t;  ci^a.tli.Gi.&n.tjr' , 
A«  adciitlou^Ll  1.1  ft  ijf  ecour  cKcurred  in  tlw  bspusi  ohu-'v^-vl 
f.ruwi  tiwf.  ccin.£lo(i?c«  witir  lallow  Creak. 


COKCLDSXOHS 


A  4-£t-djep  low-flow  chaiTvnel,  wiUi  a  baao  vidtii  of  25  ft  upstream  from 
Stony  Fork  and  40  ft  downstream  was  r ecomtaanded .  This  section  was  found 
to  be  the  most  sediment  transport  efficient  cross  section,  based  on 
integration  of  the  sediment  transport  and  flow  duration  curves . 

Deposition  in  the  bypass  chziunel  for  a  55-year  flood  and  a  Standard 
Project  Flood  hydrograph  was  calculatod  for  a  "no  action"  case  and  for 
two  dredging  alternative!;.  Due  to  the  sodol'e  sensitivity  to  sediment 
inflow  and  channel  geometry ,  calculated  results  are  considered 
qualitative,  for  use  in  compaxing  alternatives,  and  not  for  predicting 
escaot  quantities.  The  results  radicate  the  greater  quantity  of  dredging, 
the  greater  the  deposition  rate,  with  depoelticn  ta-tma  gensr{<liy 
d().'7lining  with  tiins}  but  never  achieving  an  equilibrium  condition  where 
inflowing  sediment  can  he  transported  through  tiho  reach..  The  total 
amount  of  deposition  calculated  for  the  55-yr  period  would  be 
unszceptable  due  to  loss  of  flood  conveyance  capacity.  For  purposes  of 
calculating  design  vmter-aurf %ce  elevations,  it  is  recozaiaendad  that 
design  invert  elevations  be  increased  to  account  for  sedimrint  deposition. 


Significant  qv'.iintlt.lfti  o.i.  aadimant  will  deposit  in  the  first  0.5  mile  of 
the  propofled  Crtek  dasiyu  chnr.uel  downstraaia  from  th®  confluence 

with  the  bypaoa  ohMuacl ,  end  in  th&  existing  pools  &t  m.i.Ia  12.47  .tnd 
13.35.  Ab-out  32,000  cu  Yd%  cc;n  ojqpect'ftJ  on  an  annual  baaio  if  the 
cbam.al  is  cloansd  out  every  year.  S©di;^>.nt  accumulation  shn^vld  b« 
ttccoum;>8-i  for  Xu  wntsfr-curfac;®  caiculat.ionii,  .in  th®  absancs*  of  an 

{cruu.fi.'.  cisjihcci  p,rogr.i5J. 

Scour  ^.iVl  orrv'.ir  in  thrj  (•■honn^^l  upstxt^^.’a  the  confluenca^  with 

Ifallo-v  txc-.oi  .  '.‘'hvc  ~iin  l>s  ccxrectssl  with  6  Uiad  cui  contxal  stru-ciur®. 

W,'c?>'rvists; ,  d'iJj.vudr.tlon  ACvc-ajpaniiMi  by  lateral  iAigrution  oi  the 

i/.hiri;  could  levees  and  adjaevat  property. 

^^c.vuj'  'w.lll  iil.iu  orcur  at  thfi  rai.i'X-ad  .-xud  at  mile  l.'^.OX  ti.o 

rk-fc:  ■..•.anr.i.il  io  '.xnatr  jevs*.!,.  ihu-avtuiCM  at  th»r<®  locations  flhould  b« 

1.1’a'u  iiiorod  for  Its^al  scour  prutac-'.io:'.. 

Tl-%  natttxo  of  titri  chonnal  Lwl  in  Wnv  vlr:,.nlt,y  of  liiile  11.85  okould  ba 
; ir.wR'.lg.'^tea.  r.vtdttfju*  fr»;m  thi.o  inT.£i»tlcat,''on  ir^t- letter  that 
th»  eaC.><cjLng  tped  la  co'j^icised  of  iMti.riant  jutterial  -chat  caa^x-'ln  erreei;?! 
r»58poais>  uj-at.reaa-.  7t  th»  prop-'ot^ci  cut  tjq»f,es  a  leeB-reele.'ant  layer 
of  fttteiittl,  cnaxm^sl  unraveling  ..^culU  c.:c'jr.  This  tr.'s  be 

correctea,  if  x>;AC»oaRxy,  fh.th  i'  control  jiitruct.iu®. 
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Figure  7 
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CALCULATED  BED  ELEVATION  CHANGE  IN  EXISTING 
CHANNEL  AFTER  1978-1987  HYDROGRAPH 


-1 


o 

o 

a 

a 

o 

a 

o 

a 

U3 

n 

(N 

a 

m 

ao 

T— 

a 

o 

(QAON)  IJ  NOaVASia 


i'j-z.i 


fl 


CALCULATED  NET  SEDIMENT  ACCUMULATION 
BETWEEN  MILES  11.53  AND  14.96  FOR 
EXISTING  AND  DESIGN  CHANNELS 
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Figure  9 


YELLOW  CREEi  WERSION  CHANNEL 

ACCUMULATi^d  AGGRADATION 
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Figure  11 


lAO  STREAM  FLOOD  CONTROL  PROJECT 
WAILUKU,  MAUI,  HAWAII 
October  1992 

by  James  Pennaz 
Hydraulic  Engineer 

U.S.  Army  Engineer  Division,  Pacific  Ocean 


GENERAL 

The  lao  Stream  Flood  Control  Project  was  authorized 
under  Section  203  of  the  Flood  Control  Act  of  1968  (PI.  90- 
4C3).  Project  construction  was  initi.  tea  in  April  1977  and 
completed  in  May  198].  The  project  is  located  near  Wailuku, 
Maui  and  consists  of  a  debris  basin  located  2.b  miles 
upstream  from  the  stream  mouth,  channel  improvements 
extending  3,50G  feet  downstream  from  the  debris  basin, 
levees  along  the  right  bank  and  floodplain  management  along 
the  left  bank  for  6,950  feet  of  natural  stream,  and  stream 
realignment  v/ith  channel  improvements  for  a  reach  of  1,730 
feet  near  the  mouth  (Figure  2) .  lao  Stream  is  a  steep  (140 
feet/mile)  stream  v;ith  a  cobble  and  boulder  bed.  Floods 
during  construction  and  shortly  after  construction  caused 
scour  along  the  right  banx.  levees  with  depths  e.xceeding  six 
feet  under  the  slop'e  linin'^.  Thi.s  paper  v.’ill  present  a  case 
study  of  the  project  construction,  subsequent  scour 
problems,  and  proposed  remediation. 


PROJECT  CONSTRUCT.!  ON 

A  flood  in  December  1980  (during  project  construction) 
caused  extensive  erosion  to  a  sacrificial  berm.  Levee 
undermining  also  occurred  from  the  flood  along  the  .right 
bank  from  stream  mile  0.8  t.c  1.5.  After  the  flood,  tiie 
construction  contiacu  w'as  modified  to  extend  the  levees  into 
the  streambed  and  add  boulder  concrete  lining.  Shortly 
after  construcr ion,  additional  erosion  occurred  to  the  levee 
toe  v;ith  scour  depths  extending  to  six  feet  bolov/  the 
boulder  concrete  slope  lining.  In  January  1363,  additional 
corrective  work  to  tlic  levees  w'as  authorized  to  extend  the 
boulder  concrete  slope  protection  to  five  feet  below  the 
eroded  stream  bottom.  This  work  was  completed  in  November 
1983.  In  August  198‘‘'',  the  County  of  Maui  requested 
additional  corrective  work  for  still  more  erosion  problems 
resulting  from  storni  events  since  tiie  November  1963 
corrective  work.  .Subsequent  storms  had  again  eroded  the 
stream  bed  below  the  levee  tee  by  lour  to  six  feet. 
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SCOUR  PROBLEMS 


lao  Stream  drains  a  steep  valley  with  an  abundance  of 
sediments  produced  by  erosional  forces.  Bed  material  size 
ranges  from  sands  and  gravels  to  boulders.  The  stream  bed 
becomes  lined  with  boulders  due  to  ■’vibrational"  effects  of 
low  flows  moving  smaller  sized  material  into  voids  between 
the  larger  boulders. 

A  debris  basin  with  a  capacity  of  b0,000  cubic  yards  is 
located  at  the  upstream  end  of  the  project.  The  debris 
basin  traps  nearly  all  sediment  entering  the  project  area 
for  channel  discharges  less  than  3,000  cfs.  For  discharges 
greater  than  3,  000  cfs,  an  unknov/n  amount  of  sediment  passes 
from  the  debris  basin  into  the  project  area.  A  sediment 
delta  has  formed  v/ithin  the  debris  oasin  that  is  four  feet 
high  by  forty  feet  long  by  seventy  feet  wide. 

lao  stream  has  an  energy  surplus  that  begins  to  erode 
the  unlined  channel  at  the  downstream  e.nd  of  the  concrete 
channel  improvemenc  near  stream  mile  1.7.  Velocities  in 
this  area  range  from  fourteen  no  twenty  eight  feet  per 
second.  The  natural,  unprotected  left  bank  erodes  and 
leaves  a  talus  deposit.  The  talus  deposit  naturally 
protects  Che  left  bank  and  redirects  low  flows  into  the 
r'ight  bank  levee  toe,  thereby  increasing  erosion  potential. 
The  stream  channel  also  becomes  narrower  on  the  right  side 
as  the  stream  bed  erodes.  The  narrovrer  stream  has  increased 
velocities  that  tend  to  reinforce  the  erosion  potential  to 
the  riglit  bank  levee  toe  sections. 

Stream  discharges  in  the  floodplain  and  levee  area  are 
shown  on  TaLde  1. 

TABLE  1 

5T-HEAM  DISCHARGES  -  lAO  STREAM 
AT  RIGHT  BANK  LEVEES 
DRAINAGE  AREA  =  9. A  SQ.  MI. 

Exceedence  Frequency 


Per  Hundred  Years  Discharge  (cfs) 


50 

2,760 

2  0 

5,  700 

10 

8,  000 

5 

10, 600 

7 

15,  000 

1 

15,  COO 

standard  Project  Flood  26,500 

Discharges  for 

flood  events  since 

cons 

truction  was 

initiated  in  April  1 

577  have  been  less 

than 

the  h-year 

event.  However,  the 

sc  historical  floods  as 

shown  in  Table 

have  caused  the  exte 

nsive  levee  toe  erosion 

evicleiit  in 

armual  inspections. 
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SELECTED  lAO  STREAr' 
Date 

November  12,  IS'^8 

December  8,  1980 
January  21,  1982 

December  25,  1983 
November  18,  1985 

May  5,  1987 
November  4,  1988 
January  28,  1988 
November  8,  1989 
January  27,  1991 
October  9,  1991 

PROPOSED  REMEDIATION 


TABLE  2 

DISCHARGES  FROM  1977  10  1992 

Discharge  (cfs) 

4,660 

4,  300 
3,  380 
3,  400 
3,  750 
4,720 
4,420 

5,  570 

3,  840 
4, 520 

4,  380 


Initial  recommendations  irom  the  Waterv'/ays  Experimient 
Station  include  the  follov;in9  options;  VJiden  the  basal 
channel,  allovj  additional  flood  v;ater  to  exit  the  main 
channel  area  to  the  left  bank  floodplain,  relocate  or 
selectively  remove  channel  bar/bed  sediments,  reduce  the 
natural  left  descenoing  bank  slope,  and  concrete  the  levee 
toe  area  (Figure  3)  . 

Widening  the  basal  channel  would  reduce  flow  velocities 
and  the  resulting  energy  reduction  would  retard  the  erosion 
process.  Allowing  additionai  water  to  exit  the  main  chan!;el 
area  also  would  reduce  eroding  forces  in  the  main  channel. 
The  channel  bar/bed  sedi.ment  relocation  would  place  material 
against  the  levee  toe  ana  concrete  the  material  in  place  to 
prolong  the  toe  area  life. 

Reducing  the  natural  left  descending  bank  slope  to 
three  horitontal  to  one  vertical  would  slow  the 
redevelopment  of  talus  deposits  and  the  consequent  reduction 
in  basal  channel  width.  Vegetating  the  slope  will  increase 
bank  stability  and  induce  a  higher  hydraulic  roughness 
factor . 
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Abstract 

Special  Hazards  Associated  VJith  Steep  Channel  Catchments: 

Debris  Flows,  Debris  Torrents  and  Lahars 

by  Robert  C.  MacArthur,  Principal 
Resource  Consultants  and  Engineers,  Inc. 

1477  Drew  Avenue,  Suite  No.  107 
Davis ,  CA  95616 

All  rivers  are  subject  to  flooding  risks.  Flat  gradient,  fine  grained  rivers 
have  different  geomorphic  and  flow  characteristics  than  do  steep,  coarse 
grained  channels  and,  therefore,  behave  differently  during  significant  flood¬ 
ing  events.  The  energy  per  unit  flow  is  much  greater  in  steep  channels  and, 
therefore,  the  ability  to  carry  large  volumes  of  sediment  and  debris  is  much 
greater.  Steep  channel  floods  are  usually  more  episodic,  produce  greater 
velocities  and  impact  forces  and  have  the  ability  to  carry  large  diameter 
materials  and  higher  concentrations  of  sediment  and  debris  than  flat  gradient 
rivers.  The  net  effect  and  overall  .  agni tude  of  flooding  in  steep  catchments 
is  not  only  a  function  of  storm  Intci  Ity  but  is  also  directly  related  to 
antecedent  watershed  conditions  and  f  'morphology.  It  is  therefore,  very 
difficult  to  assign  traditional  hydr  »ic  frequencies  to  this  class  of  spe¬ 
cial  hazards . 

This  paper  discusses  the  hydrologic,  morphologic  and  sediment  characteristics 
recessary  for  triggering  special  flooding  hazards  such  as  debris  flows,  debris 
torrents  and  lahars.  It  dlscusjes  whe  ITS  s'jicli  HuZMArcic  typLcciHy  occui.’ 

and  why  they  are  difficult  to  predict,  manage  and  des5.g;n  for.  Unique  hydrau¬ 
lic  and  rheologic  characteristics  of  debris  flows  end  lahars  are  presented 
along  with  discussions  of  where  and  why  most  "traditional  assessment  proce¬ 
dures"  fail  to  quantify  the  true  nature  and  magnitude  of  this  special  class  of 
flooding  hazai-d.  Finally,  the  paper  suggests  a  "Hybrid  Assessment  and  Model¬ 
ing  Procedure"  for  evaluating  debris  flows,  debris  torrents  and  lahars.  Ref¬ 
erences  to  the  international  literature  and  to  a  wide  range  of  case  histories 
of  past  floods  involving  hazards  are  provided. 
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Abstract 

Field  Estimation  of  Resistance  Coefficients  for 
Gravel -Bedded  Stream  Channels 

by  Charles  L.  Rosenfiold,  Ph . D . 

Department  of  Geosciences 
Oregon  State  University 

And 

Monte  L.  Pearson,  I’h.D. 

USAE  Waterways  Experiment  Station 
Vicksburg,  MS  39181 

Many  methods  are  available  for  field  estimation  of  resistance  coefficients, 
most  are  expressed  in  terms  of  Manning's  'n, '  although  Chezy's  flow  resistance 
factor  'C'  is  also  frequently  used.  This  investigation  proposes  a  'componetit' 
resistance  estimation  technique  which  examines  the  ch.aracteristics  of  the 
channel,  and  includes  the  effects  of  streamside  vegetation,  major  obstructions 
or  flow  deflectors,  channel  form  and  bedform  characteristics.  The  investiga¬ 
tion  was  performed  at  the  Oak  Creek  Experimental  Watershed  at  Oregon  State 
University.  The  study  was  sponsored  by  the  Geotechnical  Laboratory  of  the 
Corps  of  Engineers,  Waterways  Experiment  Station. 


18-1 


Abstract 

Flood  Control  on  Two  Gravel  Bed  Streams  at  Seward,  Alaska 

by  David  Mierzejewski 
Alaska  District 
US  Army  Corps  of  Engineers 

Lowell  and  Fourth  of  July  Creeks  are  steep  gravel  bed  streams  that  flow  from 
the  rugged  Kenal  Mountain  Range  on  the  north  gulf  coast  of  Alask  .  Both 
streams  have  well  developed  alluvial  fans  with  major  Industrial  facilities  and 
the  town  of  Seward  built  on  them.  Both  are  protected  by  flood  control  proj¬ 
ects.  The  Lowell  Creek  flood  control  project  was  built  by  the  Corps  of  Engi¬ 
neers  in  1940  and  uses  a  diversion  dam  and  tunnel  to  divert  flow  off  its  fan. 
The  Fourth  of  July  Creek  project  was  built  by  the  City  of  Seward  in  1980  and 
consists  of  a  levee  to  keep  flows  off  the  developed  portion  of  the  fan.  A 
major  flood  event  occurred  in  the  Seward  area  in  1986.  The  maximum  24  hour 
precipitation  observed  during  the  event  related  to  a  350  year  return  Interval. 
Both  projects  performed  well  but  were  severely  damaged.  The  streams  are  sub¬ 
ject  to  damaging  by  debris  flow  and  landslides  with  subsequent  failure  of  the 
dams  and  release  of  a  flood  wave.  The  1986  storm  caused  this  type  of  event  to 
occur  on  several  streams  in  the  Seward  area.  Fourth  of  July  Creek  had  an 
estimated  discharge  of  30,000  cubic  feet  per  second  from  a  14  square  mile 
subbasin  due  to  a  landslide  dam  breach.  Tree  ring  dating  was  used  to  estimate 
the  return  interval  for  these  type  of  events.  Results  indicated  major  sedi¬ 
ment  movement  on  fans  in  the  area  may  occur  every  75-150  years.  The  tree  livig 
data  implies  that  this  type  of  flood  ev«,nt  has  a  major  impact  on  the  magnltud-; 
of  floods  in  the  area.  Annual  peak  frequency  cvirves  for  both  streams  were 
adjusted  to  reflect  this  distinct  population  of  flood  events.  The  1986  flood 
eroded  30  percent  of  the  tunnel  lining  thru  to  bedrock  in  the  Lowell  Creek 
turnel.  One  large  hole  measured  125  feet  long,  10  or  more  feet  deep,  and 
25  feet  wide.  The  original  tunnel  was  10  feet  in  diameter.  The  Fourth  of 
July  levee  suffered  considerable  damage  during  the  1986  storm.  Ihe  damage  was 
partly  due  to  scour  at  the  toe  of  the  levee  which  was  underestimated  during 
the  original  design.  An  empirical  approach  based  on  hydraulic  mean  depth  and 
scour  data  from  flujne  studies  and  gravel  bed  rivers  in  Alaska  and  Canada  was 
used  to  estimate  scour  depths.  This  paper  describes  both  fl  od  control 
projects,  problems  that  have  occurred  to  date  and  presents  a  proposed  feasi¬ 
bility  level  plan  of  study  tor  the  Lowell  Creek  project.  Tlic  main  objective 
of  the  project  is  to  reduce  the  risk  of  loss  of  life  and  property  damage  to 
the  downstream  population. 
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DEPARTMENT  OF  THE  ARMY 
UNITED  STATES  ARMY  MATERIEL  COMMAND 
ARMY  RESEARCH  OFFICE 

P.O.  Box  12211,  Research  Triangle  Park.  NC  27709-221 1 


REPLY  TO  ATTENTION  OF: 

AMXRO-RT-IP  20  Aug  92 

WES/77 

27401-GS 


^EMORANDUM  TOR  Commander,  Waterways  Experiment  Station,  ATTO: 

CEWES-GV-Z  (Monte  L.  Pearson),  P.  0.  Box  631, 

Vicltsburg,  MI  39180-0631 

SUBJECT':  SL's  Copy,  Semiannual  Status  Report,  ARO  Proposal  No.  274U.V-SS 


1.  The  Anty  Research  Office  requires  a  semiannual  report  from  its  contractors. 
This  report  serves  to  briefly  review  important  Army  interactions,  significant 
research  progress,  and  technology  transfer  during  the  reporting  period.  It  is 
not  intended  to  give  a  conprehensj-ve  overview  of  the  project.  Because  of  your 
interest  in  this  project,  we  are  sending  you  a  copy  of  the  semiannual  report. 

2.  SL  representatives  are  encouraged  to  visit  the  project  to  obtain  a  coitpre- 
heubive  review  of  the  work.  Please  note,  however,  that  the  principal  investiga 
tor  bears  the  responsibility  of  pursuing  the  research.  The  individual  exercis¬ 
ing  SL  must  avoid  any  semblance  of  control,  supervision,  or  redirection  of  the 
work.  We  are,  of  course,  interested  in  receiving  your  comroents  on  the  project 
after  a  site  visit,  especially  witli  regard  to  significant  progress  and  potential 
for  application. 

3.  We  welcome  comments  from  both  SL  and  SC  representatives  on  the  enclosed  re¬ 
port.  Pleas^  address  any  comments  to:  Director,  U.S.  Array  Research  Office, 
ATIW:  AMXRO-RT-IP,  P.O.  Box  12211,  Research  Trieoigle  Park,  NC  27709-2211. 

FOR  THE  DIRECTOR; 


/G/ 

Enel  GEORGE  A.  NEECE 

Di rector 

Research  and  Tedinology  Integration 
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PROGRESS  REPORT 
TWENTY  COPIES  REQUIRED 

1.  ARO  PROPOSAL  NUMBER:  2740i-GS 


2.  PERIOD  COVERED  BY  REPORT;  1  January  1992  -  30  June  1992 


3.  TITLE  OF  PROPOSAL:  Computer  Simulation  of  Subaqueous 

Sediment  Transport 


4.  CONTRACT  OR  GRANT  NUMBER:  DAAL03-B9-K-0163 


5.  NAME  OF  INSTITUTION;  Duke  University 


6.  AUTHORS  OF  REPORT;  Peter  E.  Haff 


7.  LIST  OF  MANUSCRIPTS  SUBMITTED  OR  PUBLISHED  UNDER  ARO  SPONSORSHIP 
DURING  THIS  REPORTING  PERIOD,  INCLUDING  JOURl^AL  REFERENCES; 
’’TrauBport  of  Gratmlea  by  WLod  aad  Water;  MicromcchanlcB  to  Macromechanics 
in  Geology  and  Engineering,  P,K.  Haff  et  al..  In  Adv,  In  Mlcrt-nnechanics  of 
Granular  Materials,  H.H,  Shen,  cL  al.,  cdc.,  pp  373~380,  Elsevier  Sci.  Pub., 
T992. 


8.  SCIENTIFIC  PERSONNEL  SUPPORTED  BY  THIS  PROJECT  AND  DEGREES  AWARDED 
DURING  THIS  REPORTING  PERIOD; 

P.K.  Haff,  Z.  Jiang,  T.  Burnet 


9.  REPORT  OF  INVENTIONS  (BY  TITLE  ONLY) ; 


Peter  K.  Haff 

Department  of  Civil  &  Environmental 

Engineering 

Duke  University 

Durham,  NC  2770C 
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Brief  Outline  of  Research  Findings 


We  have  continued  our  subaqueous  simulacion  v/ork  in  the 
of  mixing  of  sediments,  swash  action  on  a  beach,  friction  or  pivot 
angles  in  three  dimensions,  and  effects  of  imbrication  of 
irregularly  shaped  particles  on  pivot  angle  stability.  A  general 
discussion  of  the  simulation  approach  has  been  submitted  to  Water 
Resources  Research,  and  the  mixing  and  swash  results,  to  be 
published  later,  are  summarized  in  the  recent  thesis  of  2.  Jiang. 
T.  Burnet  is  continuing  to  work  on  three-dimensional  problems. 

In  the  swash  simulations,  the  multi-slab  fluid  model  described 
in  our  last  report  has  been  applied  to. look  at  sediment  transport 
on  beaches  of  different  slope  and  with  different  grain  sizes.  The 
infiltration  of  water  into  the  beach  has  been  shown  to  be  an 
important  process.  At  realistic  infiltration  rates,  the  backwash 
portion  of  the  swash/backwash  cycle  is  much  weaker  than  when 
infiltration  is  absent.  Consequently ,  upslope  sediment  transport 
increases  rapidly  with  increasing  infiltration  rate.  For  a  given 
infiltration  rate,  increasing  beach  slope  tends  to  decrease  onshore 
transport.  At  some  critical  slope,  net  upslope  transport  ceases. 
Because  coarser-grained  beaches  generally  have  higher  infiltration 
rates,  they  tend  to  become • steeper  than  fine-grained  beaches. 

Studies  of  bed  stability  in  three  dimensions  have  been 
extended  to  show  the  variation  in  individual  pivot  angles  as  a 
function  of  direction  of  tilt.  Two  angles  are  necessary  to  specify 
stability  in  three  dimensions.  The  individual  particle  results  are 
averaged  over  the  azimuthal  tilt  direction  to  get  the  average  angle 
of  bed  stability  for  the  simulated  bad.  The  results  are  being 
compared  to  two-dimensional  studies  to  assess  quantitatively  the 
influence  of  the  third  dimension.  These  results  are  also  being 
compared  to  friction  angles  for  non-spherical  imbricated  particles 
(in  two  dimensions) .  Imbricated  beds  are  formed  by  allowing  a 
simulated  flow  to  "process"  or  "work"  the  bed  prior  tc  measurement 
of  friction  angles.  In  this  way,  fairly  realistic  sediment 
configurations  can  be  studied  and  their  differences  with  idealized 
(spherical)  particle  beds  assessed. 
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Contract  Number;  DAJA45-90-C-006 


Report  Number;  FOUR  Period  Covered;  from  December  1990  to  August  1991. 


Name  of  Institution;  Freshwater  Biological  Association. 


Principle  Investigator;  Dr.  P  A  Carling 


Abstract: 

The  results  of  an  highly  successful  field  season  are  reported,  together  with 
brief  details  of  subsequent  preliminary  data  analysis  and  plans  for  the 
future. 
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The  following  statements  detail  investigations  conducted  over  the 
period  January  to  August  1991- 


During  the  winter  months  Prof.  Ergenzinger  developed  a  traversing  echo-sounder 
for  installation  at  Squaw  Creek,  and  students  under  the  direction  of  Prof. 
Christaller  rebuilt  the  magnetic  detector  logging  equipment.  Dr.  Carling 
investigated  the  use  of  acoustic  pebbles  for  tracing  studies  and  placed  an 
order  with  a  Canadian  company  for  development  work. 

In  April  research  team  personnel  re-equiped  the  field  site  at  Squaw  Creek  and 
added  a  traversing  mechanism  to  the  upstream  bridge  for  positioning  of 
electromagnetic  current-meters  at  intervals  across  the  section.  The  new 
magnetic  detector  system  was  installed  and  improved  during  trials  until 
excellent  results  were  obtained;  individual  particles  proving  clear  unamb:'  ;uos 
signals.  During  late  April  through  to  early  June  high  quality  field  data  were 
collected. 


A  considerable  snow-pack  this  year  and  high  air  temperatures  meant  that  high 
run-off  rates  occurred,  unlike  1990.  Long  continuous  multi 'day  records  of 
pebble  transport  were  obtained  using  the  detector  log.  Preliminary  observation 
indicated  that  transport  was  in  waves  approximately  every  30  secs.  These 
records  were  supplimented  by  detailed  hydraulic  data  collected  during  two 
large  hydrographs  over  24  hr  periods.  Data  include,  depth,  velocity,  and 
shear  stress  distrlb  dons  as  well  as  fluctuations  in  bed  level  which  can  be 
correlated  with  the  bedload  records.  The  traversing  echo-sounder  failed  to 
work  owing  to  cavitation  problems  around  the  head,  but  it  is  hoped  to  solve 
these  problems  for  the  1992  season.  Dr  Carling  still  had  not  taken  delivery 


of  the  acoustic  pebbles  but  it  is  anticipated  that  thes^ 
UK  in  time  for  next  year 


XU  t Aic; 


Dr  Jon  Williams  of  the  Bidston  Observatory  of  the  UK  Institute  Of 
Oceanographic  Sciences  visited  the  site  following  a  request  for  collaboration 
from  Dr.  Carling.  The  latest  generation  of  fine  resolution  electrouagetic 
current  meters  were  used  to  obtain  high  quality  turbulence  data  and,  In 
addition,  signal-generated  noise  of  mobile  gravel  was  recorded,  for  later 
comparison  with  bedload  transport  rates  obtained  in  a  net-trap  and  with  the 
detector  log  records. 


A  demonstration  of  field  techniques  and  presentations  using  poster  displays 
were  provided  for  Monte  Pearson  (WES)  and  Jerry  Comati  (ERO)  over  a  two  day 
period  in  early  June, 


On  return  to  the  Europe  in  June,  the  detector  records  have  been  processes  to 
remove  any  remaining  noise  or  spurious  spikes,  the  velocity  data  have  been 
processes  to  provide  summary  data  sheets  and  the  turbulence  data  have  been 
subject  to  preliminary  examination. 


Plans  have  been  made  for  the  prime  movers  to  meet  in  Berlin  in  the  fall  to 
exchcinge  data,  plan  the  content  of  the  final  report  and  to  discuss  possible 
publication.  The  opportunity  will  also  be  taken  to  discuss  the  scientific 
programme  for  1992  (the  final  year)  and  the  future  of  the  Squaw  Creek  site 
with  respect  to  seeking  additional  sponsorship  to  maintain  the  facility  and 
continue  hydraulic  investigations. 
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Abstract: 

Data  analy.^.s  completed  and  fumre  plans  arc  reported. 
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REPORT 


The  following  statements  detail  investigations  conducted  over  tlie  period  June  to  November 
1991. 

Dr.  Carling  has  taken  delivery  of  the  acoustic  pebble  tracing  system^  but  there  lias  not  been 
an  opportunity  to  test  tliese  in  die  field.  It  is  anticipated  that  trails  will  be  canied-out  over 
the  winter,  for  development  in  the  field  season  in  Montana  in  the  spring  of  1992. 

Dr.  Jon  Williams  of  the  Bidston  Observatory  of  the  UK  Institute  Of  Occaiicgr^)hic  Sciences 
completed  his  preliminary  inspection  of  the  turbulence  data.  Sonic  high  quality  short  data 
runs  have  been  obtained  which  qualitatively  demonstrate  pcriodicilics  in  phase  with  the 
passage  of  sediment  waves.  However,  the  nature  of  die  turbulent  spectrum  in  the  mountain 
stream  was  not  as  anticipated  and  there  is  opportunity  to  inprove  the  instruraentadon.  This 
is  to  be  done  over  tlie  winter  and  Dr  Williams  expects  to  deploy  die  turbulence  rig  in  the 
spring  of  1992. 

Considerable  correspondence  and  dialogue  has  taken  place  between  Prof  Steve  Custer  of 
Montana  State  Univeniity,  Prof  Peter  Ergenzinger  of  the  Free  University  of  Berlin  and  Dr 
Paul  Carling  concerning  the  I'csearch  programme  in  1992.  It  has  been  conclud/jd  that  accurate 
energy  slope  records  arc  required  with  a  fine  lenqwral  resolndon.  Prof.  Caster  is  exploring 
funding  sources  for  this  instrumentation.  This  equipment  is  required  because  the  bedload 
pulse  data  of  1991  cxliibits  ifoasi-tcguiar  periodicity,  which  qjpears  to  correlate  both  witli 
turbulent  pulse.s  and  fluctuations  in  the  water  surface.  The  latter  factor  is  presently  poorly 
etcasured  using  an  array  of  stilUng-weJls. 

Plans  have  been  made  for  Dr.  Carling  and  Ptof  Ergenzinger  to  meet  in  Berlin  before 
Christmas  to  exchange  data,  plan  the  content  of  the  final  report  and  to  discuss  possible 
publication.  The  opportunity  will  also  be  lakcn  to  discuss  the  scientific  programuie  for  1992 
(the  final  year)  and  the  future  of  the  Squaw  Creek  site  with  respect  to  seeking  additional 
sponsorship  to  rriainiain  the  facility  and  continue  hydraulic  investigations. 

Prof.  Ergenzinger  presented  a  paper  at  a  BGRG.COMTAG  Symposiiun  on  "Theory  In 
Geomorphology"  which  included  aspects  of  tlie  Squaw  Creek  project. 
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SEVEN 


13  March  1992  to  12  June  m2 
Dr  P  A  Caiiing 


Abstract; 

Data  analyt’cs  completed  and  field  investigations  are  reported. 


REPORT 


The  following  statements  detail  investigations  conducted  over  the  period  March  to  June  1992. 

The  field  data  for  1991  have  been  analysed  in  a  preliminaty  fashion.  These  data  demonstrate 
bed  level  fluctuations  during  the  passage  of  snow-melt  hydrographs  when  bedload  transport 
occurs.  The  passage  of  an  unsteady  wave  of  fine  bcdload  over  a  coarser  immobile  bed  leads 
to  unexpected  changes  in  hydraulic  roughness  as  characterized  by  the  Darty-Wcisbach 
roughness  coefficient.  This  is  contraiy  to  the  usual  assun^tion  that  total  bed  roughness  falls 
with  rising  discharge.  ThLs  result  has  implications  for  modelling  flood  flows  and  sediment 
routing  and  will  be  investigated  furthei. 

As  proposed  in  Report  Five,  four  acoustic  water  level  sensors  were  installed  in  the  field  in 
April  1992,  to  monitor  water  level  fluctuations  at  1  sec  intervals  during  the  passage  of 
hydrographs.  These  proved  an  improvement  over  older  float  operated  water  level  sensors. 

A  vortex-type  bcdload  tr^  was  constmeted  at  the  site  and  tested  for  san:g>ling  efficiency. 
Unfortunately,  runoff  this  year  was  slight  owing  in  adequate  snow-pack  and  coasequently  no 
bedload  transport  occurred. 

Dr  Jon  Williams  of  the  Bidston  Observatory  of  the  UK  Institute  of  Occanogrtq>luc  Sciences 
completed  a  series  of  measurements  of  raiuuleni  fiuctuauons  in  the  flow.  Preliminary 
indications  arc  that  these  are  of  high  quality  and  represent  the  first  successful  measurements 
of  high-resolution  fluctuations  of  current  vectors  m  a  mountain  stream.  In  addition  a 
hydrophone  was  calibrated  to  record  only  the  passage  of  bedload  transport,  but  could  not  be 
used  in  earnest  owing  to  the  lov/  flows  encountered.  Additional  measurements  of  the  vertical 
velocity  distribution  over  rough  gravel  beds  were  made  using  a  small  dorsally-flattened 
electro-magnetic  current  meter  at  one-half  to  one  centimetre  intervals  in  the  ver  :al.  These 
data  have  yet  to  be  processed,  but  preliminary  plots  indicate  hi^-qoality  definition  of  the 
siiucturc  and  extent  of  the  boundary-layer  has  been  obtained. 

Additional  measurements  were  also  made  acro-ss  the  section  using  impellor  flow-meters  and 
elcctro-magnetic  mccers  to  determine  the  nature  of  secondaiy-fiow  circulation  patterns. 

Further  improvement  and  cslibiation  of  the  magnetic  bedioad  detection  system  was 
undertaken  by  Prof  Georg  ChiLstallcr  from  Beilin. 

Prof  Ergenzinger  presented  a  paper  concerning  results  from  1991  at  a  Conference  in  Bavaria 
in  June  1 992. 
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Meetings 


The  River  Dynamics  Group  are  working  on  the  Guidebook 
through  a  management  structure  consisting  of  chapter  editors  and 
section  leaders.  This  structure  was  agreed  by  the  group  at  the 
first  meeting  under  this  project,  which  took  place  at  Nottingham  in 
June  1991.  Subsequent  meetings  have  taken  place  in  the  course 
of  professional  conferences  such  as  those  at  Vienna,  August  1991 
(lUGG),  Leeds,  September,  1991  (BGRG)  and  Swansea,  January, 


1992(IBG).  The  main  item  for  discussion  has  been  the  contents 
and  chapter  break-down  of  the  proposed  Guidebook  of  Applir.d 
Fluvial  Geomorphology  for  River  Engineering  and  Management. 

There  was  a  very  full  discussion  of  the  outline  developed 
three  years  ago,  especially  in  the  light  of  suggestions  put  forward 
by  Dr  Keith  Richards  of  the  University  of  Cambridge.  Dr  Richards 
could  not  attend  the  meeting,  but  did  send  a  long  and  detailed 
written  contribution. 

The  RDG  reviewed  the  basis  for  the  book,  its  intended 
market  and  its  relevance  to  the  1990s.  After  a  long  debate,  it  was 
decided  to  maintain  the  focus  on  geomorphology  and  to  try 
produce  a  volume  of  use  to  engineers,  fisheries  &  conservation 
officers  and  planners  -  more  or  less  in  that  order.  The  group  fell 
that  in  the  future  the  guidebook  could  make  an  excellent  text  for 
short  courses  put  on  by  the  RDG  for  professionals  working  for 

action  agencies  such  as  the  US  Army  Corps  of  Engineers,  the 

National  Rivers  Authority  and  consultancy  companies  with 
interests  in  rivers  and  river  environments. 

Regarding  the  final  format  of  the  book,  any  decisions  now 
would  probably  be  premature.  All  that  is  required  of  us  by  the 
funded  contract  is  a  loose  bound  report  (in  multiple  copies). 
Copyright  remains  with  the  writers.  Quite  how  we  present  the 
manuscript  is  entirely  up  to  the  individuals  who  are  writing  the 
sections  and  will  be  addressed  at  subsequent  RDG  meetings. 
Therefore,  nothing  should  be  read  into  the  groups’  decision  to  use 

the  authors'  notes  developed  by  John  Wiley  &  Sons  Ltd.  as  the 

guide  to  preparing  the  manuscript.  This  format  was  selected 
because  it  is  already  familiar  to  most  of  the  group  who  publish  in 
Wiley  books  and  other  Wiley  journals  and  research  monographs. 


Following  discussion  with  RDG  members.  Dr  Phil  Ashworth  of 
the  University  of  Leeds  has  been  invited  to  join  the  group.  He  has 
indicated  that  he  is  delighted  to  do  so. 
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The  Guidebook 


The  length  of  the  guidebook  should  be  limited  to  about  500  pages 
(400  text  +  100  diagrams  etc.)  and  the  content  should  be 
experience  based.  Each  of  the  four  main  chapters  should  be  of 
about  20,000  words  (10,000  for  introductory  and  closing 
chapters),  and  sections  will  5,000  to  10,000  words  in  length. 

The  US  Army-ERO  has  set  no  limits  on  the  scope  or  content 
of  the  book,  but  the  group  felt  that  the  case  studies  used  should 
come  from  the  UK  and  that  the  scope  should  be  limited  to  mid¬ 
latitude,  humid  environments.  It  was  recognised  that  the  RDG  has 
the  expertise  to  cover  much  mote  of  the  world  and  that  maybe  we 
should  address  that  -  in  the  next  project.  However,  there  would 
be  nothing  wrong  in  pointing  out  how  methods,  techniques  and 
analyses  presented  in  the  context  of  humid,  mid -latitude  rivers 
could  be  extended  or  applied  to  rivers  in  say,  humid-tropical  or 
semi-trid  environments. 

The  main  discussion  then  centred  on  the  best  mechanism  for 
producing  the  manuscript,  especially  bearing  in  mind  the  "false 
starts"  of  the  past.  The  group  decided  to  review  the  outline 
contents  of  the  book  chapter  by  chapter,  assigning  responsibility 
to  individuals  for  editing  particular  chapters.  Within  each  chapter, 
major  sections  are  to  be  written  by  small  teams,  led  by  a  section 
coordinator.  It  is  the  responsibility  of  each  section  coordinator  to 
ensure  that  the  section  progresses  satisfactorily.  The  revised 
deadline  for  production  of  the  manuscript  is  in  summary: 

Initial  draft  sections  +  chapters  June  1992 

Final  draft  sections  +  chapters  October  1992 

Complete  manuscript  December  1992 

The  group  tiien  considered  which  members  of  the  RDG 
should  be  asked  to  act  as  chapter  editors,  section  coordinators  and 
section  writers.  We  also  reconsidered  the  draft  outline  of  sections 
and  made  some  fairly  minor  changes.  The  revised  outline,  with 
the  suggested  editors,  coordinators  and  writers,  is  attached.  The 
plan  is  for  those  named  in  the  revised  outline  to  produce  draft 
manuscripts,  initially  for  review  by  the  chapter  editors  and  later 
for  review  by  the  whole  group.  Individuals  who  have  papers, 
pre-prints,  unpublished  reports  and  other  material  which  they 
wish  to  sec  referenced  in  particular  sections  should  send  these 
directly  to  the  relevant  section  coordinator.  Clearly,  there  is  the 
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potential  for  significant  overlap  between  some  sections.  This 
should  be  handled  firstly  by  direct  contact  between  section 
coordinators  during  the  writing  of  the  sections  and,  secondly, 
when  the  draft  sections  are  reviewed  by  the  group. 

The  next  full  RDG  meeting  will  be  in  on  March  20,  1992  at 
Nottingham. 

As  you  know,  the  RDG  is  an  informal  group  with  no  officers, 
chair  people,  or  hierarchy.  While  Richard  Hey,  Malcolm  Newson 
and  I  took  the  initiative  on  obtaining  funding  for  the  production  of 
this  volume,  and  are  willing  to  act  as  editors  for  the  whole  book, 
all  the  decisions  made  at  the  meetings  to  date  were  by  common 
CGTisent,  and  lequests  to  individuals  not  present  at  the  meeting  to 
act  as  editors  etc.  are  just  that:  requests. 

If  you  have  urgent  comments  or  criticisms,  or  particularly 
wish  to  be  (or  not  to  be)  an  editor,  coordinator  or  writer,  please  let 
me  know  a.s.a.p.  I  shall  be  in  the  USA  on  fieldwork  from  July  7  to 
20  inclusive,  but  I  will  give  any  re-shuffling  of  responsibility  a 
high  priority  when  I  get  back. 


zu-if. 


REVISED  AND  UPDATED  DRAFT  CONTENTS  FOR  GUIDEBOOK  OF 
APPLIED  FLUVIAL  GEOMORPHOLOGY  FOR  RIVER  ENGINEERING 

AND  MANAGEIvlENT 


Chapter  editors'  names  follow  Chapter  Title 
Section  writers'  names  are  listed  after  each  section 
Section  coordinators'  names  are  underlined 


Chapter  1.  Introduction 

(chapter  editors:  Richard  Hey,  Malcolm  Newson,  Colin  Thorne) 

Review  of  practical  problems 
Natural  design  approaches 
Timescales  in  engineering  and 
management  contexts  Hey. 

Newson, 

Thorne 

Chapter  2.  Natural  channel  stability  and  time  perspective 
(John  Lewin,  Mark  Macklin) 

2.1  Long-term  changes  in  channel  stability 
Effect  of  climatic  change  and 
Quaternary  sea-level  changes 
Human  impacts  on  the  environment 
Basin  sediment  systems 
Fluvial  landforms  in  alluvial  valleys  Lev/in 

Macklin 


2.2  Intel mcdiatc-icrn;  changes  in  channel  stability 
Available  sources  of  information 
Rates  of  change  in  lime 
Basin  scale  sediment  budgets 
Erosion,  transport  and  deposition  of  sediment 
Regime  ciianncls  and  dominant  discharge 

Harvey 

Ilookc 
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Macklin 


2.3  Short-term  changes  in  channel  stability 

Discharge  and  sediment  transport  regime 
Sediment  sources,  supply  limitations  and 
response 

Effect  of  rare,  large  magnitude  floods 
Triggering  of  geomorphic  thresholds 


Ferguson 

Leeks 

Werritv 


Chapter  3.  River  Channel  and  Valley  Processes 
(James  Bathurst) 

3.1  Environmental  river  flow  hydraulics 

Characteristics  of  river  flow 
Secondary  currents  and  shear  stress 
distributions 

Flow  resistance  of  bed  and  bar  roughness 
Vegetation  Effects 
Field  studies  and  techniques 
Formulae,  applications  and  limits  to 
applicability  Bathurst 

Carling 

Hey 

Thorne 

3.2  Sediment  Erosion,  Transport  and  Deposition 

Characteristics  in  different  channel  types 

Erosion  and  Deposition 

Pulsing  of  sediment  transport 

Field  studies  and  techniques 

Formulae,  applications,  limits  to  applicability 

Sediment  associated  pollutants  Bathurst 

Carling 
Frostick 
Lewin 
Mackliii 
Reid 
Walling 
Webb 
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3.3  Bank  erosion,  stabilHy  and  retreat 
Characteristics  of  natural  banks 
Field  studies  and  techniques 
Bank  stability  calculations 
Bank  retreat  predictions 

Hooke 

Lawler 

Thorne 

Chapter  4.  Channel  morphology  and  design  procedures 
(Keith  Richards) 

4,1  Channel  types  and  morphogenetic  classification 
Straight/meandering/braided 
Sinuosity 

Active  and  passive  meandering 
Confined  and  unconfined  channels 
Relation  between  channel  pattern  and  x-section 
Stream  power  controls  on  pattern  and  shape 

Ferguson 

Gregory  j 

Hooke  I 

Werrity  I 


4.2  Styles  of  channel  change 

Modes  and  patterns  of  migration  and  evolution 


Ferguson 

Hooke 

Werrity 

4,3  Rational  and  reginte  techniques 
Dominant  and  design  discharge 
Design  of  straight  and  meandering  channels 
using  geomorphological  approach 

Brookes 

Esy 

Lewin 

Richards 


4.4  Prediction  of  morphological  changes 

Modelling  erosion,  deposition  and  channel  change 
in  dynamic  systems 

Hey 
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Thorne 


4.5  River  dynamics  and  channel  maintenance 

Brockcs 

Newson 

Thorne 


Chapter  5.  Case  Studies* 

(Malcolm  Newson) 

5.1  River  stabilisation  and  channel  design 

5.2  Flood  alleviation  schemes 

5.3  River  regulation  schemes 

Reservoir  operation,  groundwater  development, 
inter-basin  transfers 

5.4  Bank  protection  and  stabilisation  projects 
Revetmenis,  grade  control,  Iowa  vanes, 
flow  control 

5.4  River  restoration  and  management  for 
environmental  and  habitat  improvement 

5.5  Design  of  channel  crossings 

Bridges,  pipelines  etc. 

Brookes 
Carling 
Gregory 
Key 
Leeks 
Newson 
Pet(S 
Thorne 
+  otliers* 

*  This  chapter  is  different  to  the  others  and  lequires  special 
handling.  Please  contact  the  chapter  editor  if  you  have  a  case 
study  to  contribute  to  this  chapter  in  any  of  the  above  sections. 

Chapter  6  Practical  Approach  to  Using  the  Guidebook 
(Richard  Hey,  Malcolm  Newson,  Colin  Thorne) 
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